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ABSTRACT 
Nonaqueous electrolytes play an important role in electrochemical devices such as flip chip and 
lithium-air batteries. In this work, we examine ammonium-Cu, Sn and Au interactions in 
nonaqueous electrolytes to optimize the future flip chip flux and electrolyte additive of lithium-
air battery. The activity of halogen-free carboxylic acid flux is considered one of the most 
important aspects in controlling flip chip joint quality recently. CuOx removal effectiveness of 
carboxylic acid solutions at Cu substrates using electrochemical methods at elevated 
temperatures from 100ºC to 180ºC is studied thoroughly by chronopotentiometry and gravimetric 
analysis. Carboxylic acid-based solutions with ethanolamine show oxide removal rates similar to 
hydrochloric acid solutions at temperatures above 140ºC.  Sn (II) and Sn (IV) voltammetry 
shows Sn
2+
 and Sn
4+
 can form Sn-carboxylate complex and dissolve into the solution. XPS 
results indicate under high temperature (180 ºC) and relatively low pH (~2.50), carboxylic acid 
can clean the surface of Sn as well as halide acid. Equilibrium coefficients between the 
complexes are obtained and potential-pH diagrams for adipic acid and maleic acid in PEG are 
presented. 
Ammonium cations are known to interact with superoxides (O2
-
) or peroxides (O2
2-
) and 
to affect the reversibility of lithium-air battery reactions. Here we study the reversibility of 
reduced oxygen in dimethyl sulfoxide using seven different ammonium cations. Results from 
cyclic voltammetry show superoxide selectivity and reversibility are generally improved with 
larger ammonium cations. XANES (X-ray adsorption near edge structure) analysis also shows 
the ammonium species influence selectivity in lithium-containing electrolytes including up to a 
~10% increase in the formation of Li2O2. The nature of selectivity enhancement is believed to be 
associated with improving the stability of the O=O bond and possible mechanisms are proposed.  
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CHAPTER 1 INTRODUCTION 
Ammonium-Cu and Sn 
Flip chip technology has become progressively important for electronic packaging since 
demands on more input/output (I/O) interconnects, higher thermal conductivity and better 
electrical functioning. Conventional flip chip interconnects allow 3000 joints/cm
2
 (110μm pitch) 
and the International Technology Roadmap for Semiconductors (ITRS) predicts 10,000 
joints/cm
2
 (95μm pitch) by 2024 (Arden 2002). The I/O connections are typically made in a 
solder reflow process forming self-alignment connections with good mechanical and electrical 
properties between the die and substrate. As a matter of fact, solder joints perform at current 
densities up to 10,000 A/cm
2
 over 18,000 thermal cycles for 10 years or more (Ho et al. 2004; 
Vandevelde et al. 2007). Considering increasing power demands and decreasing joint dimensions, 
studies on how process parts affect reliability become crucial in recent years. 
Joint reliability depends on several factors including the under bump metallization 
(UBM), type of solder, flux and reflow process conditions. It is well known facts that of a good 
solder joint mechanical adhesion can be only achieved by an intermetallic reaction of the UBM 
with at least one component of solder alloy (Tu et al. 2001). UBMs containing some thin metallic 
layers are manufactured on a Si wafer to adhere to solder and prevent solder diffusion (Frear et al. 
2001). Ni has been introduced successfully into conventional Cr/CrCu/Cu/Au UBM scheme to 
suppress the growth of the intermetallic compounds (IMC) (Korhonen et al. 1999) and recently 
Ti/Ni(V)/Cu UBM become popular due to lower reaction rate with solder (Wang et al. 2012). 
Conventional solders are typically SnPb and SnAg alloys with different ratios of individual 
elements (Tu et al. 2001; Drapala et al. 2009). Before reflow process, surfaces to be joined are 
treated with flux containing acid to remove oxides and other contaminants and promote wetting 
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(Xu et al. 2008). After a reflow process, new solid phases with intermetallic compounds (IMC) 
would be formed between the UBM and solder.  
On the other hand, as global concern about the environment increasing, more and more 
pressure has been brought on flip-chip industry all over the world. Since July 2006, the Waste 
Electrical and Electronic Equipment (WEEE) and the Restriction of Hazardous Substances 
(RoHS) have been working together to curtail the use of lead solder in electronics sold in Europe 
for health issues (Parliament 2003). Moreover, the US Environmental Protection Agency (EPA) 
has strict regulation in halide wastewater standards to avoid soil salinization (EPA 2009). 
ccordingly, studies of lead-free solders and halide-free flux have become significant issues. 
Therefore, the present research is devoted to the clarification of interaction among lead-free 
solders, halide-free flux and Cu substrates during reflow process in flip-chip manufacturing.  
While the mechanical properties, material and processes associated with flip-chip 
soldering are relatively well-defined (Chan et al. 2003; Berthou et al. 2009; Amalu et al. 2012), 
there are few studies aimed at understanding the interaction between flux and solders. Reactions 
among solder, flux and substrate should include spontaneous acid-base, redox, coordination and 
adsorption reactions(Chung et al. 2005). Before and during the reflow process, acid-base 
reactions occur with acid fluxes and metal oxides 
                       ObHaMbHOM xba 22 

                                             [1] 
where M represented metal substrate and solder.  
Redox reactions may be driven by electroless reactions (e.g. from the addition of 
reducing agents) or electrochemical potentials arising from potential differences between solder 
and UBM in contact with each other.  Furthermore, redox reactions may also drive the 
simultaneous reduction of the more noble metal along with the oxidation of Sn (Barteau 1996).                       
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                                      yx SnMMSn                                                       [2] 
Where M represented more noble metal than Sn, y could be 2 or 4 depends on state of Sn. 
Secondary acid-base and redox reactions in solution are also possible and may result in 
residues at the interfaces to be soldered affecting stability, wetting and reliability.(Singler et al. 
2004) While halide-free fluxes are popular alternatives to halogenated fluxes due to 
environmental concerns, the behavior of the carboxylic acids can be relatively more complex. 
For example, Figure 1-1 shows that oxalic acid is known to form Cu oxalate precipitates (Wu et 
al. 2007) and other organic acids may decompose at relatively low temperatures resulting in Cu 
oxide reformation (Yasodhai et al. 2000). Furthermore, the incomplete removal of oxides (or 
reformation of oxides) may prevent gases from escaping the liquid solder and give rise to large 
voids (Yao et al. 2010). Adsorbates can also prevent reoxidation and deposition reactions but 
may have a negative effect on solder wetting. 
 
Figure 1-1 Potential-pH diagram for Cu-Benzotraizole(HBTA)-water and Cu-oxalic acid-water 
system at copper ions activity of 10-6 at 25°C (reprinted from Wu et al. 2007) 
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In this work, we focus on the chemistry and kinetics of halide-free fluxes at Cu and Sn 
surfaces. Halide-free fluxes typically include carboxylic acids in aqueous or solvent-based 
carriers with several other additives. In this case, adipic acid, maleic acid and acetic acid 
behavior were investigated using Cu and Sn electrodes along with 200 MW PEG.  Both HCl and 
acetic acid are used here for comparison. The dynamic redox behavior of Cu and Sn electrodes is 
evaluated using voltammetry to quantify both acid-base and redox kinetics as a function of acid 
and additive or complexing agent.  Experiments were conducted under isothermal conditions 
(100, 140 and 180ºC) as the oxide layer was removed. The rest potential shifts were compared 
with optical images of electrode surfaces and correlated with electrode oxide removal and 
surface analyses to provide insight into surface reactions and their kinetics.  
Solder joint integrity has been considered the main issue of the reliability of flip chip in 
integrated circuit package. Generally, a well-functioned solder joint relies on several critical 
parts such as the under bump metallization (UBM), solder type, solder flux and reflow process. 
Figure 1-2 shows a schematic of cross-sections of solder joints. 
 
Figure 1-2 A schematic diagram of cross-sectioned solder joints 
UBMs consist of thin metal layers constructed on a Si wafer to help solder wettability, Si 
adherence, and solder diffusion hindrance. (Frear et al. 2001) Conventional Cr/CrCu/Cu/Au 
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UBM has been applied in flip chip industry for more than 35 years by IBM. (Korhonen et al. 
1999) In recent years, Ti/Ni/Cu UBM has been popular since lower reaction rate with Sn and 
lack of sputtering magnetic influence. (Tung et al. 2005) By increasing the Cu thickness in the 
UBM, the Sn-patch growth could be controlled.  (Wang et al. 2012)  
Pb-free solders have been applied for years in electronics for environment concern. Of all Pb-
free solders, Sn-Ag-Cu is recognized as the most promising candidate. Ag addition alloys 
ranging from 0.5% to 4% plays an important role in Pb-free solder because of the melting point 
decreasing (Singler et al. 2004)and wettability improving (Huh et al. 2001)as well as mechanical 
properties refining.(Kariya et al. 2004) During the reflow, as the solder volume and Ag content 
increase, the ripening growth of Cu6Sn5 grains IMCs at the interfaces is reduced more 
effectively.(Cho et al. 2011) 
Solder joints reliability is also influenced by the thermal profile during the production 
process. Accelerated aging of solder joints may be used to determine material properties under 
excessive heat treatment. (Pan et al. 2009) Also, geometry, size and microstructure should be 
taken into consideration when thermal reliability of solder joints is studied. (Wiese et al. 2008) In 
the copper base material, the influence of material change can be separated from thermal 
recovery by simulations according to the finite element method. (Lederer et al. 2012) 
The primary purpose of a flux is typically to promote the wettability and help the 
formation of intermetallic interface in good solder joints. To achieve the purpose, several 
requirements are fundamentally common to all flux materials including stability and slow 
degradation rate at soldering temperature as well as easily displaced by solder and easily 
removed. (Singler et al. 2004) In recent years, halogen-free becomes a new requirement owing to 
environment concerns. (2009)  
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The major ingredients in flux are active species, solvents, activators, surfactants, 
viscosity modifiers and tackifiers. (Singler et al. 2004) The effective part is usually consisted of 
an acid capable of reacting with the metal oxide to form salt and a component capable of 
stimulating the interaction between the acid and the metal oxide. (Singler et al. 2004) 
Typical reactions at the metal surface can be complicated including dynamic acid-base, 
redox, coordination and adsorption reactions. (Chung et al. 2005) Acid-base reactions occur 
between acid and metal oxide to form salt and water. Redox reactions are usually driven by 
electroless reactions from reducing agents or electrochemical reactions from contact potential 
from solder and UBM. Activity of acid-base reactions may be studied via pKa number or in situ 
FTIR analysis, (Moharram et al. 2002) while activity of redox reactions could be monitored by 
measuring exchange currents in Tafel plots.(Kim et al. 2009)  
Chemical mechanical polishing (CMP) has become a popular and widely used technique 
in semiconductor industry. During CMP process, the metal may be exposed to flowing slurry and 
undergoes complicated chemical and physical reactions. The slurry for Cu CMP always contains 
oxidizing agent such as H2O2 and Fe (NO3)3. The corrosion potential of Cu shifted towards the 
anodic direction with the addition of H2O2. (Zeidler et al. 1997)  By comparing potentiodynamic 
polarization curves of Cu measured under static or rotation condition, such corrosion potential 
shift may be observed. (Chen et al. 2004) Figure 1-3 shows the effect of H2O2 concentration on 
the polarization behavior of Cu in 0.0078M citric acid solution. 
The impedance method is also a useful tool when slurry contains organic acid which may 
remove passive films by polishing. Figure 1-4 shows the impedance curves shown effects of 
immersion time and CMP on the Nyquist plot for Cu in 5 w% U-H2O2 +0.1 W% HBTA slurries 
mixed with 1 w% oxalic acid. The major axis of the ellipse becomes larger as immersion time 
7 
 
increases, which indicates the resistance of charge-transfer reaction increases with formation of 
oxide films and precipitates. (Wu et al. 2007) 
 
Figure 1-3 Effect of H2O2 concentration on the potentiodynamic polarization curve of Cu in 
0.0078M citric acid electrolyte under static conditions. (reprinted from  Chen et al. 2004) 
 
Figure 1-4 Effects of immersion time and CMP on the Nyquist plot for Cu in 5 w% U-H2O2 
+0.1 W% HBTA slurries mixed with 1 w% oxalic acid (reprinted from Wu et al. 2007) 
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Sn and its alloys are applied widely in both tinplate and electronic industry. In flip chip 
manufacturing, Sn-contained solder works with flux to provide good wettability during reflow 
process. Reactions occurred at the surface of Sn-contained solder may interfere with wettability 
promoting. Therefore, the electrochemical behavior of Sn (II)/Sn (IV) in presence of organic 
acids has attracted more and more interest recently. 
Figure 1-5 shows a Pourbaix potential-pH diagram of Sn under 25ºC in aqueous solution 
without any organic acid. When pH> 2, neither Sn (II) nor Sn (IV) can be sustained in the 
solution. With organic acid ligands, Sn (II) and Sn (IV) form complexes which prevent Sn (II) 
and Sn (IV) from being precipitated. The cyclic voltammetry of Sn electrodes in citrate acid 
(Figure 1-6) shows the dependence of anodic charge on solution pH. When pH>2, Sn (II) and Sn 
(IV) are still kept in solution, which confirms they form complexes with citrate ions. 
 
Figure 1-5 Potential-pH diagram of Sn under 25ºC in water 
Sn dissolution is likely to form Sn (II) citrate since it has highest stability constant. 
(Tselesh 2008) 
                     
   



x
x
x
x CitSnHCitHSn
SneSn
132
22
                                    [3] 
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SnO2 is the main component of a passive film formed on Sn under its anodic oxidation in 
the presence of carboxylate ions. (Seruga et al. 1996) Citric acid forms a white solid material in 
addition to SnO2 in the pH range from 2 to 4 apart from the soluble Sn (II) complexes.(Tselesh 
2008) 
 
Figure 1-6  Potentiodynamic polarization curves of Sn electrode in 0.15 mol dm
–3 
citrate buffer 
solutions at various pH values: 1 — 2.0; 2 — 3.5; 3 — 5.0. (reprinted from Tselesh 2008) 
 
Ammonium-Au 
In the last decades, several renewable energy sources such as solar and wind energy are 
being developed in order to replace traditional hydrocarbon fuels for CO2 emission control. 
Among all the high energy storage systems available for large scale applications such as electric 
vehicles, electrochemical energy storage approach is favorable for several desirable features, 
including high round trip efficiency, zero pollution process, long life cycles and low 
maintenances.(Winter et al. 2004) Since electric vehicles requires high specific energy for long 
distance driving and high specific power for acceleration or hill climbing, (Chau et al. 1999) 
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battery is an excellent representative of electrochemical energy storage technologies. Advanced 
battery systems such as nickel (Ni)-cadmium (Cd), nickel-metal hybrid and Lithium (Li) -ion 
batteries are positively pursued for electric vehicles propulsion. Currently, the energy density of 
Li-ion battery is around 100-200 Wh kg
-1
, which is much lower than the practical energy density 
of gasoline (~1700 Wh kg
-1
). (Girishkumar et al. 2010; Rahman et al. 2013) Therefore, high 
energy density technology is still desired.  
 
Figure 1-7 Types of metal-air batteries (Reprint from Rahman et al., 2013) 
 Metal-air batteries are considered promising for future electrical powered vehicles 
because they use oxygen gas accessed from the air as one of the main reactants to save storage 
space and reduce weight. Based different metal species and their reaction mechanisms, there are 
several kinds of metal-air batteries available such as Li-air, zinc (Zn) -air, magnesium (Mg) -air, 
sodium (Na) -air and aluminum (Al) -air batteries. Considering properties of their electrolytes, 
metal-air batteries are categorized as two forms. One uses aqueous electrolyte, which is not 
subtle to moisture; the other uses nonaqueous electrolyte, which would be damaged by moisture. 
(Lee et al. 2011) Figure 1-7 shows different types of metal-air batteries. 
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 Zn-air batteries are usually composed of three parts: Zn metal as anode, an air electrode 
as cathode and electrolyte. In general chemistry, Zn-air batteries work on the basis of a reaction 
between oxygen in the atmosphere and Zn metal to produce Zn oxide in a liquid electrolyte. As 
Zn oxide can be completely recycled without pollution, Zn-air batteries are considered 
environmentally friendly. Figure 1-8 shows the schematic illusion of Zn-air batteries. 
 
Figure 1-8 Schematic of Zn-air battery 
 When air is supplied into the gas-permeable cathode, oxygen in the air is 
electrochemically reacted with water on the surface of the cathode to be reduced to hydroxide 
ions. At the same time, Zn metal is oxidized to Zn oxide by reacting with hydroxide ions on the 
anode surface. During this process, electrons are discharged from anode, pass through the 
external load and get received by cathode where oxygen is reduced. The reactions on both 
electrodes and overall can be written as (Malone et al. 2004) 
VEeZnZnAnode 25.12: 0
2                                                [4] 
     24
2 4 OHZnOHZn                                                      [5] 
     OHOHZnOOHZn 22
2
4                                           [6] 
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VEOHeOHOCathode 4.0442: 022 
                               [7] 
VEZnOOZnOverall 65.122: 02                                          [8] 
 In alkaline electrolyte, Zn metal can be corroded to produce solid Zn hydroxide and 
explosive hydrogen according to the following reaction.(Chakkaravarthy et al. 1981) 
   2222 HOHZnOHZn                                                   [9] 
To minimize the side reaction, 0.5~2% mercury is combined with Zn as anode. (Chakkaravarthy 
et al. 1981)  
 There are three main kinds of Zn-air batteries: primary, secondary and mechanically 
rechargeable battery. The primary battery with Zn-air system has been using in practice for small 
devices like hearing aids. For electric fuel’s concern, the current on-board Zn/air battery is 
characterized by specific energy of about 200 Wh·kg
-1
 and specific peak power of 90 W·kg
-1
 at 
80% depth of discharge. (Goldstein et al. 1999) The secondary battery suffers weaknesses like 
low life time and unstable electrodes. (Sapkota et al. 2009)  
 Challenges are still existed in developing proper electrolytes for rechargeable Zn-air 
battery. Alkaline composites have been studied for their high ionic conductivity; (Deiss et al. 
2002) however, they are very sensitive towards carbon dioxide in the air. Carbon dioxide can 
catch hydroxyl ions and form carbonate on the surface of air electrode. The carbonation can 
severely affect battery capacity. (Jorissen 2006; Mohamad 2006) As for cathode materials of Zn-
air battery, it requires a highly porous structure to give oxygen proper diffusion path and a 
substrate for the possible catalyst. (Rahman et al. 2013) Carbon materials, such as activated 
carbon (Muller et al. 1994; Deiss et al. 2002) and carbon nanotube (Weidenkaff et al. 2002), 
have been studied for better cycling performance and high thermal and chemical stability. 
(Rahman et al. 2013) Recently, a reversible air electrode using anion-exchange membrane (AEM) 
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as polymer electrolyte membrane has been reported.  It inhibits carbon dioxide reacting with 
alkaline electrolytes which blocks the pores of the electrode and decreases the precipitation of 
carbonate in the pores. (Fujiwara et al. 2011)  
 Mg-air battery has a relatively high theoretical voltage (3.09V), theoretical specific 
capacity (2205 mAhg
-1
) and energy density (3910 Wh/kg) (Reddy et al. 2011) among all metal-
air batteries. It is composed by Mg metal as anode, electrolyte and oxygen from air as cathode. 
Figure 1-9 shows the schematic of Mg-air battery. The cathode usually represents a layer of 
active carbon with catalyst and an external waterproof layer is fabricated permeable for air and 
impermeable for electrolyte. (Rahman et al. 2013) The electrochemical reactions of Mg-air 
battery are as follows: (Hamlen et al. 1969) 
  VEeOHMgAnode 69.2424OH2Mg: 02
-                             [10] 
  VEOHeOHOCathode 4.0442: 022 
                               [11] 
  VEMgOHOMgOverall 3.09OH222: 0222                             [12] 
 
Figure 1-9 Schematic of Mg-air battery 
Conventionally, Mg-air battery used Mg metal as anode; however, the nature of Mg 
metal causes the interaction between metal electrode and electrolyte, which can significantly 
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affect electrochemical properties of Mg-air battery. Research has been done to point out that the 
formation of a surface layer from the metal-electrolyte interaction blocks the diffusion of Mg 
ions therefore electrochemical dissolutions. (Lu et al. 1999; Aurbach et al. 2003; Muldoon et al. 
2012; Yoo et al. 2013; Yu et al. 2014) In order to overcome such limitations, Mg ion insertion 
anodes have been studied to offer an opportunity to use electrolytes made from Mg ionic salts in 
polar aprotic solvents; however, sluggish Mg insertion/extraction kinetics and electrode 
pulverization have been the challenges. (Yu et al. 2014) The use of insertion anodes have been 
reported by several research groups offering the possibility of electrochemical reversible 
insertion/extraction of Mg ion into Bi, Sb or Sn alloys or nanostructured Si. (Park et al. 2009; 
Magasinski et al. 2010; Singh et al. 2013; Shao et al. 2014) 
The main issue for developing Mg-air battery is the choice of electrolyte. It has to be with 
a low rate of corrosion with Mg metal anode and fast coagulation of anodic product Mg(OH)2 in 
the electrolytes. (Rahman et al. 2013; Mohtadi et al. 2014) An ionic liquid phosphonium chloride 
([P6,6,6,14][Cl]) and water mixture based electrolyte has been reported as it can stabilize the metal/ 
electrolyte interface. (Khoo et al. 2011) Organic solid/semi solid electrolytes and inorganic solid 
state Mg ion conductor have also been studied.(Ikeda et al. 1987; Kumar et al. 1999; Matsuo et al. 
2013; Carter et al. 2014) 
 Al is considered as a very promising anode material for energy storage device, giving its 
relatively low atomic weight of 26.98 along with its trivalence. From a volume standpoint, Al 
should yield 8.04 Ah/cm
3
, compared with 2.06 for Li, 5.85 for Zn and 3.83 for Mg. (Li et al. 
2002)  Al-air battery consists of Al metal as anode, electrolyte and porous carbon as cathode 
with catalysts as shown in Figure 1-10. Al-air battery is non-rechargeable; however, its high 
dense energy of 4302 Wh/kg has the potential for up to eight times of Li-ion battery and even 
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lower weight. The battery stops giving electrons when all of Al metal anode consumed to form 
hydrated Al oxide. The electrochemical reactions of Al-air battery is as follows: (Rahman et al. 
2013) 
  VEeOHAllAnode 66.133OHA: 03
-                             [13] 
  VEOHeOHOCathode 4.0442: 022 
                               [14] 
  VEAlHOAlOverall 71.2OH40634: 0322                             [15] 
 Al-air battery has two major problems: the irreversible discharge of Al anode and the 
rapid self-discharge of Al anode. Al metal anode could react with alkaline electrolytes to form 
gel like hydrated alumina to reduce the battery capacity.(Oguzie 2007; Smoljko et al. 2012; 
Rahman et al. 2013) Several commercial Al alloys have been examined as anodes, in which 
Al2000 (with 0.5% Si, 0.5% Fe, 4.4% Cu, 0.6% Mn, 1.5% Mg, 0.1% Cr, 0.25% Zn and 0.15% Ti, 
all in wt%) has been tested as the most promising material since it exhibits high open circuit 
potential, good efficiency and minimum corrosion rate. (Pino et al. 2014) 
The electrolyte for Al-air battery can be common salt, sea water and alkaline electrolytes. 
(Linden et al. 2002) Since Al anode can dissolve rapidly in alkaline electrolytes, the 
concentration of electrolytes plays a key role in Al-air battery. Al-air battery with 0.6M KOH 
solution electrolyte with a hydroponics gelling agent has been reported with the highest capacity 
of 105 mAhg
-1
 and power density of 5.5 mWcm
-2
. (Mohamad 2008) All-solid-state Al-air battery 
has also been studied for polyacrylic acid-based alkaline gel electrolyte used instead of aqueous 
electrolyte. The optimal gel electrolyte exhibits 1166 mAhg
-1
 peak capacity and 1230 mWg
-1
-Al 
energy density. The power density can reach 91.13 mWcm
-2
. Zhang et al. have also reported a 
design that separate the Al anode with alkaline electrolyte when not in use to protect the anode 
and maintain available capacity. (Zhang et al. 2014).  
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Figure 1-10 Schematic of Al-air battery 
The air cathode is one of the most expensive parts of Al-air battery. Currently, the design 
of the high-activity electrodes all have a double-layed structure of gas diffusion and metal 
current collector (e.g. Ni) as shown in Figure 1-10. (Gharibi et al. 2003; Fang et al. 2006; Egan et 
al. 2013)  
 As an abundant element, Na has the potential to be a low cost replacement for Li in 
energy storage technologies. Na-air battery with a high theoretical specific energy of 1600 
Whkg
-1
 and an equilibrium discharge potential of 2.3V, promotes a new developing research 
direction for metal-air battery. (Das et al. 2014) As shown in Figure 1-11, Na-air battery consists 
of Na anode electrode with a cooling field, ion-conducting electrolyte and air electrode with 
oxygen flow channels. The first rechargeable Na-air battery was introduced by Peled et al. in 
2010. They showed that a Na-air battery under 105°C using liquid Na and polymer electrolyte. 
(Peled et al. 2011) Soon, Sun et al. reported under room temperature, typical gravimetric 
capacities of diamond-like carbon thin films as air electrode are 1884 mAh/g at 1/10 C and 3600 
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mAh/g at 1/60 C. They also confirmed the main discharge product as Na2O2. The primary 
electrochemical reaction is considered as follows: (Sun et al. 2012)  
 VEONaeO 3.22Na2 0222 
                               [16] 
Hartmann et al. also demonstrated the mechanism of Na-air battery reaction. Their result 
showed the major discharge product is NaO2. Unlike LiO2 can only existed as an intermediate 
product, NaO2 has a Gibbs free energy of -218.76 kJ mol
-1
, which is stable. Therefore, the 
electrochemical reaction is as follows: (Hartmann et al. 2013) 
VENaOeO 25.2Na 022 
                               [17] 
  
Figure 1-11 Schematic of Na-air battery  
There are few researches focused on air electrode cathode of Na-air battery. Carbon 
nanotubes showed a large discharge capacity of 7530 mAhg
-1
 with the round trip efficiency of 
91%. Graphene nanosheets have also shown high discharge capacity of 9268 mAhg-1.  (Liu et al. 
2013; Das et al. 2014; Pan et al. 2014) Several groups have reported their approaches on 
electrolytes of Na-air battery. The NASICON ceramic electrolyte (a solid solution of 
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composition Na1+xZr2SixP3-xO12 (0<x<3))showed promising characteristics like a discharge 
capacity of 600 mAhg-1 and an energy density of 1500 Whkg-1; however, NASICON 
decomposes if contacting with molten Na metal. At the interface, Na ions spread out from the Na 
metal to NASICON, which results some deformation. (Schmid et al. 1982; Hayashi et al. 2013; 
Ha et al. 2014) 
The Li-air battery is one of the most competitive electrochemical power sources for 
electric vehicles considering its high theoretical specific energy (~5200Wh/kg) and friendly 
environmental impact. (Williford et al. 2009; Girishkumar et al. 2010; Christensen et al. 2012) 
Figure 1-12 shows the specific energy of most popular power sources of electric devices. It 
suggests from all the battery family, Li-air battery is the most promising one to replace gasoline 
one day.  
 
Figure 1-12 The specific energy (Wh/kg) for batteries compared to gasoline. For Li-air battery, 
the practical value is an estimate.  
Assuming the battery cells weigh 70% of the battery pack, the Li-air cell has an 83% 
energy efficiency corresponding to Li-ion cells with a 93% energy efficiency and the battery 
pack weighs 200kg as the goal of the U.S. Department of Energy sets, future Li-air battery could 
support vehicles to a driving distance of more than 300 miles while future Li-ion battery could 
only do about 150 miles as it shown in Figure 1-13. (Christensen et al. 2012) As a result, 
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research has been undertaken all over the world to assess the potential of Li-air battery to provide 
higher gravimetric energy than current Li-ion battery. (Bruce et al. 2012; Lu et al. 2013; Kwabi 
et al. 2014)  
 
Figure 1-13 Driving range and battery weight for different cell-level specific energy values. 
(Reprinted from Christensen et al. 2012) 
The first Li-air battery was introduced by Abraham and Jiang in 1996. (Abraham et al. 
1996) Currently, research has been focused on the capacity of the battery,(Williford et al. 2009; 
Eswaran et al. 2010) the reversibility of the discharge/charge reaction(Read et al. 2003; Laoire et 
al. 2009) and the rate of the process. (Lu et al. 2011; McCloskey 2011) Although the promise of 
the Li-air battery is to be looked forward to, significant challenges need to be overcome before it 
can be applied to reality. Electrolyte plays one of the important roles for reversibility in Li-air 
battery. The O2 transport properties of electrolyte have a significant effect on the performance of 
Li-air battery. (Read et al. 2003; Xu et al. 2010) 
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Both aqueous and nonaqueous electrolyte systems have been investigated for primary and 
secondary Li-air battery. (Laoire 2010; Wittmaier et al. 2014) For aqueous electrolyte system, as 
shown in Figure 1-14, the fundamental battery reaction is: 
VELiOHOHOLi 45.3424 022                                          [18]    
 
Figure 1-14 Schematic of aqueous system of Li-air battery and corresponding cathoude 
mechanism (Reprinted from Mizuno, 2010) 
While O2 reduced on the cathode according to equation 19, Li oxides on anode 
simultaneously to produce LiOH, which could dehydrates into insoluble Li2O to harm 
reversibility of the discharge/charge process. (Girishkumar et al. 2010; Mizuno 2010) Selected 
catalysts have been tested to help the stability of electrodes.(Beck et al. 2000; Zhang et al. 2010; 
Wittmaier et al. 2014) However, nonaqueous electrolyte system draws more attention nowadays 
due to its higher energy density and sustainable product. Figure 1-15 shows a schematic of 
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nonaqueous system of Li-air battery. The electrochemical reaction for nonaqueous Li-air battery 
is: (Mizuno 2011) 
VEOLiO 1.32Li 0222                                                [19] 
Two other products besides Li2O2 could be formed by the reactions as follows.  
VEOLiO 12.924Li 022                                              [20] 
VELiOO 3.0Li 022                                                [21] 
 
Figure 1-15 Schematic of nonaqueous system of Li-air battery and corresponding cathoude 
mechanism (Reprinted from Bruce, 2012) 
As it presented in Figure 1-15, nonaqueous Li-air battery normally is composed by Li 
metal as the anode, electrolyte, separator, catalyst, oxygen permeation film to collect oxygen 
from the air and current collector as the cathode. Recent researches are focused on cathode 
materials and electrolytes.  
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Figure 1-16 Round trip efficiency decrease along with life cycle of Li-air battery 
A typical cathode of Li-air battery is made of carbon black mixed with polymeric binder. 
The porous structure of carbon meets the requirement of a large surface area and contains the 
insoluble discharge product Li2O2. It also allows the oxygen diffuses through to reaction sites. 
Promising materials includes carbon nanofiber residents on porous ceramic substrate, which has 
a specific energy of 1000 Wh/kg (Mitchell et al. 2011) and hierarchical porous graphene, which 
has an exceeding large capacity of 15000 Ah/kg (based on mass of carbon)(Xiao et al. 2011). 
The mechanism of the role of carbon in the cathode is not fully revealed yet. McCloskey et al. 
(McCloskey 2011) found that carbon cathode was decomposing along with electrolytes to form 
CO2 during cell charging. Most recent studies suggest gold is a more suitable substrate since it 
shows better reversibility in electrochemical tests. (Allen et al. 2011) Aside from the carbon 
structure of the cathode, the polymeric binder draws some attention since researches have shown 
that superoxides can dehydrofluorinates polyvinylindenedifluoride (PvDF), which is the most 
commonly used binder. The side product by this reaction may further react with transition metal-
oxide catalyst such as α-MnO2 to produce LiOH, which will spontaneously dehydrates to Li2O 
and eventually block the electrode surface. (Black et al. 2012) 
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Among all the challenges Li-air battery faced, reversibility is significant since Li-air 
battery today can only sustain less than 10 life cycles with a round-up efficiency of ~70%. As 
shown in Figure 1-16, to reach a life cycle of 1000, the round-up efficiency needs to be 
developed to approach 99.99%. Electrolytes represent the actual challenges on this standpoint. 
  
24 
 
CHAPTER 2 ACTIVITY OF HALIDE-FREE CARBOXYLIC ACID 
FLUXES AT CU SURFACES
1
 
Introduction 
Traditionally, oxide-removal kinetics or “activity” is correlated with solder wetting rates; 
however, wetting rate is not an ideal metric to quantify oxide-removal kinetics.  For example, Cu 
surfaces treated with adipic acid have relatively slow wetting rates (456 dyn/s at 233°C) but the 
acid shows relatively fast oxide removal in practice.(Singler et al. 2004)  Analytical techniques 
such as weight difference and exchange current densities via polarization plots have been used to 
study other dynamic metal reactions including those used in chemical mechanical polishing 
(CMP) cleans and corrosion studies. (Shende et al. 2000; Tamilmani et al. 2002; Aksu 2005; 
Gorantla et al. 2005)As in CMP studies, exchange current densities and rest potential shifts may 
be quantified when oxidizers or passivating agents are added to the solution. (Shende et al. 2000; 
Tamilmani et al. 2002; Aksu 2005; Doneux et al. 2010)In the case of Cu electrodes and 
carboxylic acid containing solutions, oxides are removed via acid-base reactions to reveal a 
relatively more redox active surface.  
Experimental 
Cu electrodes (99.99% pure) were obtained from ESPI Metals and cut into rotating disk 
electrodes of 5 mm length and 5 mm diameter. All reagents and solvents used in this work were 
technical grade and obtained from Sigma Aldrich. Electrochemical experiments were conducted 
using a VERSASTAT MC Potentiostat (PAR) in a custom three-electrode glass cell. Cu or Pt 
disk electrodes were used as working electrodes in a rotating disk system using a PINE CPR 
rotator along with a Pt counter electrode. A custom reference consisting of an Ag/Ag+ wire and 
200 molecular weight polyethylene glycol (PEG) in a fritted glass probe was also used in 
                                                 
1
 Reprinted by permission of  ECS-the Electrochemical Society 
25 
 
electrochemical experiments. A CuOx layer with the thickness of approximate 450nm thick was 
formed on Cu disk electrodes by heating at 300 °C for 1 h on a hot plate in air (45% relative 
humidity) as reported in literature. (17) X-ray Photoelectron Spectroscopy (XPS) confirmed the 
bulk film is predominantly Cu (II) oxides; however, Cu (I) oxides form near the interface with 
metallic Cu (less than 80nm). (17) The 450nm oxide film is denoted as CuOx in this case. A 
schematic of the heated cell used for electrochemical measurements is shown in Figure 2-1, note 
that nitrogen is used to purge the cell and prevent oxidation of the solvent. 
 
Figure 2-1 Schematic of the experimental equipment used for electrochemical activity 
measurements.  Nitrogen is used to prevent oxidation of the solvent and a custom Ag/Ag+ 
reference electrode in all chronopotentiometry experiments. 
Chronopotentiometry was used to study the behavior of carboxylic acids and complexing 
agents in the CuOx removal process. Adipic acid, maleic acid and acetic acid were investigated 
along with hydrochloric acid for comparison. In initial experiments, PEG solutions were heated 
to the desired temperature and the solution components were added in a step-wise manner to 
determine the effect of each component under zero current conditions.  In other experiments, 
solutions including all components (acids and/or complexing agents in PEG) were made and 
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brought to temperature prior to experiments. Weight difference of electrodes was measured using 
Ohaus Pioneer PA214 scale, with an accuracy of 0.1mg.  
 
Figure 2-2 Distribution of the diprotic form of (A) adipic acid (B) maleic acid in PEG as a 
function of pH, plotted as the molar fraction αi of free acid, monocarboxylate and bicarboxylate 
ions as a function of pH. 
As shown in Figure 2-2, the diprotic carboxylic acids used in this study may exist as the 
free acid, monocarboxylate or bicarboxylate ions.(Doneux et al. 2010) Products may form 
soluble species or precipitate depending on local pH. (Tamilmani et al. 2002; Aksu 2005; Wu et 
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al. 2007) Solubilities are also influenced by the formation of Cu-carboxylate complexes. In this 
case, Cu
2+
 and Cu
2+
-complex solubilities were measured using ultra-violet (UV) absorption in 
transmission mode at wavelengths ranging from 250nm to 400nm (Beckman Coulter, DU 730). 
Calibration was performed by dissolving known concentrations of Cu-complexes in PEG + 0.01 
M aqueous hydrochloric acid (HCl) solutions.  
Fourier Transform Infrared (FTIR) spectroscopy was carried out in the reflectance mode 
by CuOx samples of approximately 1x1 cm
2
 area. In the FTIR experiments, samples were treated 
with experimental solutions (or components thereof) at 100°C for 300s, dried in nitrogen and 
transferred to sample boxes under an argon atmosphere before FTIR analysis. 
Result and Discussion 
Figure 2-3A shows the rest potential shifts at Pt or CuO electrodes as solution 
components were sequentially added into neat PEG at 100ºC. The inert Pt electrode shows a 
343mV anodic shift associated with the addition of HCl and pH shift of 5.5. Note that this shift is 
consistent with the theoretical of prediction of 325mV accounting for the added acid 
concentration. After approximately 200s, the Pt electrode approaches a new steady state open 
circuit potential. If the Pt electrode is replaced with a Cu/CuO electrode and the same 
concentration of HCl is added to the PEG, the rest potential shifts anodic in roughly the same 
manner as observed with Pt electrodes; however, there is a slow cathodic shift of 390mV 
associated with the removal of the oxide film. The potential again reaches a quasi-steady state 
depending on experimental conditions. Oxide removal is apparent from weight loss 
measurements and optical inspections of the surfaces as shown in the inset images. If the HCl 
dosing is replaced with 0.01M maleic acid (Figure 2-3B) the same anodic shift associated with 
pH change is followed by a more gradual cathodic shift associated with a slower oxide removal 
process. For comparison, 0.01 M hydrochloric acid requires ~150s to remove 450nm of CuO at 
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100ºC, and 0.5 M adipic acid in PEG requires ~2400 s at the same temperature and rotation rate. 
If a complex agent such as ethanolamine or benzylamine (Figure 2-3C) is added to the neat PEG, 
a cathodic shift is first observed associated with the basicity of the complexing agent; however, 
the removal rates of complexing agents alone are quite slow  (<1nm/s). As with the acid, oxide 
dissolution with the complexing agent alone is quite slow.  For example, 1 M ethanolamine or 
benzylamine in PEG (without the acid) requires from 200s to 600s, to remove 450nm CuO. 
Carboxylic Acid CuO Removal Kinetics via Rest Potential Shifts 
 
Figure 2-3 Rest potential shifts of step-wise additions for (A) Pt (dashed line) and CuOx (solid 
line) electrodes when 0.01 M HCl is added to PEG; (B) CuOx electrode when 0.01 M maleic acid 
is added to PEG; (C) CuOx electrodes when 1M ethanolamine (solid line) and 1 M benzyl amine 
(dashed line) are added to PEG with 0.1 M adipic acid at 100°C, 1200 rpm. 
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The combination of carboxylic acids with complexing agents significantly increases Cu 
oxide removal rates. Figure 2-4 shows the rest potential shifts associated with: (A) 0.5M maleic 
acid and (B) the combination of 0.5M maleic acid with 1M ethanolamine at 140ºC. In these 
examples, the abrupt shifts associated with pH change seen in Figure 2-3 are absent (the solution 
is complete prior to the experiment) and the gradual cathodic shifts associated with oxide 
dissolution remain. The cathodic shifts associated with 1M ethanolamine and 0.5M maleic acid 
in PEG show removal rates increases by approximately five fold over the acid alone at 140°C 
which, remarkably, approaches the removal rate of a 0.1M HCl/PEG reference solution (60nm/s) 
at this temperature.  
 
 
Figure 2-4 CuOx rest potential shifts in complete solutions (A) PEG with 0.5 M maleic acid and 
(B) PEG with 0.5 M maleic acid and 1 M ethanolamine at 140°C, 1200 rpm. 
As shown in these plots, removal rates may be correlated with rest potential shifts. The 
rest potentials typically show an increase over the initial 10-20s after immersion associated with 
electrode heating, followed by a gradual cathodic shift (20-200s), and slowly approach a new 
steady state. Shiny metallic electrodes are revealed when the potential transitions from the 
cathodic slope to the new quasi-steady state rest potential.  In this case, the transition time was 
determined using the maxima in the derivative of rest potential versus time.  
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Rest potential shifts rates are plotted versus oxide removal rates for six carboxylic acid 
based solutions at 100ºC, 140ºC, 180°C and 1200 rpm in Figure 2-5. Oxide removal rates were 
determined using weight measurements before and after each experiment and an estimated CuO 
density of 6.3 g/cm
3
. (Miley 1937) At 100°C (Figure 2-5A), both 0.5 M adipic acid + 
ethanolamine and 0.5 M maleic acid + ethanolamine solutions show comparable and relatively 
high oxide-removal activity, removing 450 nm thick CuO from the surface within 160 and 175s, 
respectively.  At 140°C (Figure 2-5B) and 180 °C (Figure 2-5C), the adipic acid solution shows 
relatively higher activity than the maleic acid solution.  
 
Figure 2-5 Rest potential shifts correlated with CuOx removal rates obtained using weight loss 
measurements for 6 complete solutions comparing with 0.01M HCl at 1200 rpm rotation and 
temperatures of A. 100°C, B. 140°C and C. 180°C. 
Figure 2-6 indicates adipic acid may become relatively more active or “activate” at 
higher temperatures relative to maleic acid. It is important to note adipic acid is thermally stable 
at higher temperatures with a boiling temperature of 330ºC(Singler et al. 2004) while maleic acid 
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decomposes at 180ºC(Shende et al. 2000). It is possible for the acid to evaporate before its 
boiling/decomposition point which may also explain the relative change in activity.(Singler et al. 
2004)  
 
Figure 2-6 Rest potential shifts and CuOx removal rates as a function of temperature for 0.1M 
adipic acid and 0.1M maleic acid solutions at 1200 rpm. 
The nature of the 5-10x enhancements in removal rates when acids are combined with 
complexing agent may be related to the removal of Cu carboxylates at the interface between the 
carboxylic acid containing solution and Cu or CuO surfaces. In this case, we used FTIR 
spectroscopy to identify adsorbates and salts remaining on the surface after reaction and heat 
cycling. Figure 2-7A shows the IR spectra recorded from CuO surfaces after reacting with an 
adipic acid + ethanolamine and adipic-acid only solution.  
As seen in the spectra from the adipic acid-only sample, Cu adipate salts are evident from 
characteristic peaks at 1585 cm
-1 
(COO
-
 asymmetric stretching), 1453 cm
-1 
( -CH- scissoring), 
1399 cm
-1
 (COO
-
 symmetric stretching) and 2950 cm
-1
 (-CH- stretching). The absorption peaks 
are similar to those previous observed for other adipate salts; (Doneux et al. 2010) and the 
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characteristic carbonyl group (C=O) stretching of the free adipic acid  near 1712 cm
-1
 is not 
observed .  If ethanolamine is added to the acid-PEG solution as a complexing agent, several 
ethanolamine-specific FTIR peaks are observed; however, there is no evidence of adipate salts. 
Ethanolamine peaks are given as:  3440 cm
-1
 (-NH- stretching), 3350 cm
-1
 (-OH- stretching), 
2870 cm
-1
 (-CH- stretching), 1650 cm
-1
 (-NH- bending), and 1395 cm
-1
 (-CH- scissoring and 
bending). Peaks at 1450 cm
-1
 (-CH- scissoring and bending) and 2865 cm
-1
 (-CH- stretching) 
originate from the PEG solution. FTIR results also suggest ethanolamine adsorbs on metallic Cu 
surfaces but not on CuOx. The characteristic peak near 3440 cm
-1 
(-NH- stretch) can be observed 
on metallic Cu only when both Cu and CuOx are treated in ethanolamine-only solutions.  
 
 
Figure 2-7 FTIR spectra obtained from CuOx sample treated with 0.5 M adipic acid in PEG 
solution with (solid) or without (dashed) 1M ethanolamine for 300s at 140°C. 
These results suggest the formation of organic salts may limit oxide removal rates and the 
dramatic increase in removal rates associated with complexing agents is associated with more 
soluble reaction products. It is interesting to note that the removal rates were not a strong 
function of spin speeds (60-1200 RPM) which may be due to very low solubilities of these 
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carboxylate salts in PEG. As shown in Figure 2-8, the combination of ethanolamine with either 
adipic or maleic acid increases Cu
2+
 solubility by an order of magnitude over the solubility in 
PEG compared to either component alone.  
 
Figure 2-8 Solubility of Cu
2+
 (using CuO solid sources) in PEG, maleic acid, adipic acid and 
ethanolamine at 100°C, 140°C, 180°C. 
Figure 2-9 shows a conceptual schematic describing how Cu carboxylates and Cu
2+
-
amine complexes may interact in practice. In Figure 2-9A (without complexing agents), 
carboxylate salts are formed at the surface and limit the removal rate of underlying CuOx due to 
their relatively low solubility and slow dissolution.  In Figure 2-9B, amino-functional 
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complexing agents (such as ethanolamine in a near-neutral pH nonaqueous solution) may be 
protonated from the free acid forming R-NH3
+
.  These species may react with carboxylate salts to 
form high solubility Cu
2+
-amine complexes while also regenerating carboxylic acids (HA
-
) to the 
solution. The Cu
2+
 is bound relatively strongly with -(-NH2) ligands ((Ramakrishnan et al. 2007) 
which are stable and highly soluble in these nonaqueous solutions, also the local pH near the 
surface is maintained.  
 
 
Figure 2-9 Conceptual schematic representations showing (A) formation of Cu carboxylate salts 
at the active interface (B) the effect of proton-donating complexing agents to product improve 
solubility and acid regeneration. 
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The dual effect of acid regeneration and complexing Cu
2+
 appears to increase the CuOx 
dissolution rates more than 10x fold relative to the solutions without the complexes. Similar 
experiments using other complexes which are not effective proton donors under these conditions 
such as benzene triazole (BTA) appear to hinder CuOx removal. Likewise, the complexing 
behavior of other proton-donating complexes including thiols (such as 2, 5-dimethylfuran-3-thiol) 
show similar behavior to the ethanolamine complexes in adipic and maleic acid solutions; 
however, the solubility is lower than comparable amino-functional complexes. Complexes which 
are good protons acceptors at low pH and deprotonate near neutral pH appear to significantly 
improve the CuOx-removal action of carboxylic acids in nonaqueous solvents such as PEG. 
Conclusion 
The electrochemical methods described here provide a convenient method to quantify 
CuOx-removal kinetics in nonaqueous solutions. Dynamic rest potential shifts observed at CuOx 
electrodes give insight into flux activity as functions of carboxylic acid type, complexing agent, 
and temperature. The combination of carboxylic acids with complexing agents shows remarkable 
increases in CuOx removal rates in nonaqueous solutions equivalent to acidic halides at elevated 
temperatures (>100°C). In addition to forming highly soluble Cu
2+
 (R-NH2), complexes, amino-
functional complexing agents may also act as proton shuttles allowing the removal of Cu salts 
and regeneration carboxylic acids near the surface.  
Given a specific carrier (solvent) and complex, the relative CuOx removal activity in 
reflow conditions is a strong function of the carboxylic acid. As an example from this work, the 
relative CuOx removal rates or activity of adipic acid solutions were greater than those of maleic 
acid solutions at 180°C; however, the case was reversed at 140°C likely due to the relatively low 
decomposition temperature for maleic acid and reformation of Cu oxides. Ultimately, these 
chronopotentiometric methods using CuOx electrodes provide useful insights into oxide removal 
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behavior in nonaqueous solutions and demonstrate an alternative to solder wetting rates as a 
metric or quantify flux activity.  In practice, similar methods may be more broadly applied to 
other solder-flux systems to study reaction behaviors of various acids, complexing agents, and 
carriers including reactions with other metals such as Ag, Sn and Ni.   
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CHAPTER 3 ACTIVITY OF HALIDE-FREE CARBOXYLIC ACID 
FLUXES AT SN SURFACES
2
 
Introduction 
A good solder joint mechanical adhesion can be only achieved by an intermetallic 
reaction of the under bump metallization (UBM) with at least one component of solder alloy (Tu 
et al. 2001). Mostly, UBM stacks consist of Cu pads coated with adhesion layers (Cr), diffusion 
barriers (Au) and sometimes capped with a metal like Ni for soldering(Wang et al. 2012). 
Conventional solders are typically on the base of Sn alloys with different ratios of individual 
elements like Ag and Cu (Drapala et al. 2009). After a reflow process, new solid phases with 
intermetallic compounds (IMC) would be formed between the UBM and solder. The role of flux 
is to remove oxides and other contaminants from the substrates and to prevent the reoxidation of 
the substrates and solder during reflow(Singler et al. 2004). Although the other material and 
processes associated with flip-chip soldering are relatively well-defined (Chan et al. 2003; 
Berthou et al. 2009; Amalu et al. 2012), the interactions between flux and solders remain poorly 
understood..  
Thermodynamically, Sn (II) and Sn (IV) can form different kinds of complexes with 
carboxylic acid under different pH value. (Gutierrez et al. 1985) Equilibrium coefficients of 
aqueous Sn (II) and Sn (IV) citrate complexes are well defined.(Gutierrez et al. 1985) (Jarosz et 
al. 1981) In nonaqueous circumstances, equilibrium coefficients between complexes are 
undetermined in literature.  
In this work, the electrochemistry of carboxylic acid containing solutions with Sn-based 
solders was considered. Adipic acid, maleic acid and diglycolic acid were investigated using 
Sn/SnO2, Sn/Cu, Sn/Ag/Cu electrodes. Equilibrium coefficients between Sn (II) and Sn (IV) 
                                                 
2
 Reprinted by permission of  Springer 
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carboxylate complexes were obtained using chronopotentiometry and pH meter.  Hydrochloride 
acid was used here for comparison purpose. X-ray photoelectron spectroscopy (XPS) was 
performed to confirm surface compositions. Potential-pH diagrams of Sn-adipic-PEG and Sn-
maleic-PEG were constructed and presented. 
Experimental 
Sn and Pt electrodes (99.99% pure) were obtained from ESPI Metals and cut into rotating 
disk electrodes of 5 mm length and 5 mm diameter. All reagents and solvents used in this work 
were technical grade and obtained from Sigma Aldrich. Electrochemical experiments were 
conducted using a VERSASTAT MC Potentiostat (PAR) in a custom three-electrode glass cell. 
Sn disk electrodes were used as working electrodes in a rotating disk system using a PINE CPR 
rotator along with a Pt counter electrode. A custom reference consisting of an Ag/Ag
+
 wire and 
200 molecular weight polyethylene glycol (PEG) in a fritted glass probe was also used in 
electrochemical experiments. Sn electrodes were exposed in the air to form a SnO2 layer 
spontaneously, (Seruga et al. 1996)which was confirmed by XPS. 
Chronopotentiometry was used to study the behavior of carboxylic acids and complexing 
agents in the SnO2 removal process and equilibrium coefficients determination.  Adipic acid, 
maleic acid and diglycolic acid were investigated using Sn/SnO2, Sn/Cu, Sn/Ag/Cu electrodes. 
XPS was carried out by Sn/SnO2 samples of approximately 1x1 cm
2
 area. In the XPS 
experiments, samples were treated with experimental solutions (or components thereof) at 100°C 
for 300s, dried and transferred to sample boxes under an argon atmosphere before XPS analysis. 
XPS was performed on Sn/SnO2 surfaces to determine if SnO2 was removed by the applied acid. 
Result and Discussion 
Figure 3-1A shows cyclic voltammetry curves of Sn in saturated aqueous Sn (II) acetate 
solution with 40% PEG + 0.5 M maleic acid (pH~3.1) at 25°C under the influence of repetitive 
39 
 
cycling (3 cycles). The curves were swept between -3.0 and 1.0 V (vs. Ag/Ag+) at scan rate of 
100 mV/s. The cathodic current in the first cycle matching to hydrogen reaction decreases 
progressively and changes its sign at zero current potential (-0.4V). Then a well-defined anodic 
peak (A1) follows by a passive region, which extends up to 1.0 V with almost constant current 
density with no oxygen reaction. When scanning back in the negative direction, the reverse scan 
exhibits 2 small cathodic peaks (C1 and C2) before the potential representing hydrogen reaction 
appearance. It can be inferred that Sn (II) acetate dissolves and immediately oxidizes to more 
stable Sn
4+
 in aqueous solution. Furthermore, Sn
4+
 undergoes hydrolysis due to relatively high 
pH condition. All reactions are shown as below, 
                      
  



HOHSnOHSn
eSnSn
44
2
42
4
42
                                       [22] 
Sn (OH) 4 dehydrates and forms a passivating film on the electrode, which causes 
inactivation of electrode surface.(Abd El Rehim et al. 2004) When the surface is fully covered, 
anodic peak (A1) could become very small with low current density. 
                      OHxOxHSnOOHSn 2224 2)(                               [23] 
Figure 3-1A also shows heights of peak (A1) decreases and peak potential shifts to more 
negative direction. Repeated cycling promotes the formation of the passive film. These results 
may attribute to the change in pH at the electrode/solution interface caused by hydrogen reaction 
at high negative potential. With pH increasing at the electrode surface, the precipitation of SnO2 
increases on the electrode surface during the following anodic half cycle. By comparing with 
Figure 3-1B, the 2 small peaks (C1 and C2) appears in the reverse scan suggests the presence of 
Sn (II)/Sn (IV)-maleate complex in the solution. 
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Figure 3-1 Effect of repetitive cycling upon voltammograms of tin in saturated aqueous Sn (II) 
acetate solution with 40% PEG + 0.5 M maleic acid (by Vol.)  at 25 °C between -3.0 and 1.0 V 
with scan rate 100 mV/s. The integers indicate cycle number. 
For further understanding of the interaction between Sn-contained solder and carboxylic 
acid flux, equilibrium coefficients between Sn(II)-carboxylate complexes has been measured. 
Figure 3-2 shows calibration of the potential of the couple Sn/Sn (II) according to the 
concentration of Sn (II) maleate complexing under a constant concentration of Sn (II) initially 
(0.0054 M in PEG). When pH changes with concentration of Sn-complexes, the potential gives a 
clear indicator when domain complex alters. Using Equation [24] 
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                                     [24] 
equilibrium coefficients, k1, k2, k3 can be determined by measuring the potential between Sn 
metal and reference electrodes. (Jarosz et al. 1981)  
 
Figure 3-2 Variation of the potential of the couple Sn/Sn(II) according to the concentration of 
Sn(II) maleate complexing to a constant value Sn(II) in initial 
Table 1 shows the pKa numbers of equilibrium between Sn (II) carboxylate complexes. 
From pH=2 to pH=5, Sn
2+
-adipate complex dominates in the solution instead of Sn-adipate salt. 
It gives a basis for carboxylic acid concentration in non-aqueous flux.  
Table 1 pKa number for Sn (II) carboxylate complexes 
Carboxylic Acid pKa1 pKa2 
Citric acid 5.06 6.39 
Adipic acid 7.80 - 
Maleic acid 11.59 - 
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Figure 3-3 Potential-pH diagrams of Sn- A. adipic acid B. maleic acid -PEG system. Dashed line 
is estimated value. (HSC Chem Software produced) 
Adipic acid (C6H10O4 or H2A) is a dibasic acid with pKa value 7.80 in PEG and is often 
added to soldering flux because of its high degradation point and good oxide removal rate. It 
may be seen that only Sn (II) forms complexes with adipic acid. Figure 3-3A shows the E-pH 
plot for a nonaqueous system with a dissolved Sn activity of 10
-3
 and total adipate species 
activity of 0.1. The presence of adipate in nonaqueous systems reduces the stability region of the 
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SnO2. The cationic complexes are predominant in the pH range of 2 to 7 and the salts are stable 
in the pH range of 7-12.  
The doubly charged cationic Sn (HA)2
2+
 complex occupies in the pH range of 0~3.6. It is 
estimated using activity of Sn initial and Faraday constant (dashed line). The figure also shows 
the redox potentials of the adipic acid system which obtains from single voltammetry of the same 
solution.(Tselesh 2008; Bichara et al. 2012) It is clear that the redox potential of the adipic acid 
system becomes more negative comparing with Sn (II)/Sn (IV) in water (blue line). However the 
negative shift in redox potential results in transitioning the system to a different stability region. 
Figure 3-3B shows the E-pH plot for Sn-maleate-PEG system. Both systems show wider pH 
ranges than aqueous system or without the carboxylic acid, which suggests carboxylic acid may 
be useful at the interface of Sn-contained solder and flux. Experimental results may provide a 
beneficial reference for soldering flux preparation. 
 
Figure 3-4 XPS results for Sn/SnO2 surface treated with HCl/adipic acid (180ºC)  
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XPS has been used to identify the surface interaction between Sn/SnO2 and carboxylic 
acid. According to cyclic voltammetry and potential-pH diagram, in the proper pH range, 
carboxylic acid may remove SnO2 layer. The result has been confirmed by XPS shown in Figure 
3-4 and Figure 3-5.  
 
 
Figure 3-5 XPS results for Sn/SnO2 surface treated with maleic acid and adipic acid (180ºC) 
Sn metal and SnO2 spectra has 2eV different between each other. SnO2 sample treated 
with 0.5M HCl shows the same spectra with Sn metal sample, which indicates HCl can remove 
SnO2 layer at the surface to expose Sn metal; however, SnO2 treated with adipic acid does not 
show such identical peaks since pH of 0.5M adipic acid is around 4.5 and the surface is still 
covered by SnO2. When pH rises to 1.19 and 2.5 using high concentration of maleic acid, it 
shows the same spectra with Sn metal, which suggests pH is the key in SnO2 layer removal. 
Figure 3-6 shows Sn/SnO2 samples treated with diglycolic acid at 180°C. Diglycolic acid has a 
pH equals 3.20; however, the spectra shows the same peaks as SnO2 surface, which suggests the 
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pH is still too high to remove the oxide layer. For Sn/SnO2 solder, it requires at least pH 2.5 in 
flux solution to remove the SnO2 layer. 
 
Figure 3-6 XPS results for Sn/SnO2 surface treated with diglycolic acid (180ºC) 
 
Figure 3-7 XPS results for SnO2/Cu surface treated with diglycolic acid and maleic acid (180ºC) 
To determine if other components in Sn-contained solder counts in the interaction with 
flux, XPS has also been applied on Sn/Cu and Sn/Ag/Cu samples to identify surface residue. 
Figure 3-7 and Figure 3-8 shows the spectra of alloy samples treated with maleic acid and 
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diglycolic acid. Both alloys show the same properties as Sn/SnO2 sample as shown in Figure 3-6. 
Only maleic acid can reach high pH such as HCl which can remove the SnO2 layers. 
 
 
Figure 3-8 XPS results for SnO2/Ag/Cu surface treated with diglycolic acid and maleic acid 
(180ºC) 
 
Conclusion 
This study has investigated the effects of different carboxylic acid components in the 
interaction with Sn-contained solder. Cyclic voltammetry shows Sn (II) and Sn (IV) are unstable 
in aqueous system without carboxylate radical. Equilibrium coefficients and potential-pH 
diagrams of Sn-adipic-PEG and Sn-maleic-PEG systems are measured and presented to give a 
clearer reference for choosing proper soldering flux. The XPS results reveal that only maleic acid 
could efficiently remove SnO2 layer as well as HCl in nonaqueous PEG systems. Additionally, 
Sn/Ag/Cu and Sn/Cu alloy solders have the same properties when it comes to reaction with 
carboxylic acid flux.  
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CHAPTER 4 EFFECT OF VARIOUS OXYGEN COMPLEXES IN 
NONAQUEOUS LI-O2 ELECTROLYTE WITHOUT LI SALTS 
ADDITION 
Introduction 
The nonaqueous electrolyte for Li-air battery can be divided into four main types: organic 
carbonates based as in Li-ion battery, ethers based, ionic liquid and solid electrolyte. Organic 
carbonates based electrolytes are favorable because of their low volatility and high oxidation 
stability (>4.5V vs. Li/Li
+
). (Hardwick et al. 2012) However, Mizuno et.al reported the presence 
of lithium carbonate in the discharged cells (Mizuno et al. 2010)  and further study by 
Freunberger et.al shows that the degradation of organic carbonate electrolytes produces side 
product such as HCO2Li and CH3CO2Li, which can be oxidized on the charge instead of Li. 
These findings implicates organic carbonate electrolytes is not suitable for Li-air battery. 
(Freunberger et al. 2011)  
Ether based electrolytes such as tetraethylene glycol dimethyl ether (TEGDME) and 
dimethoxyethane (DME) draws attention because of it is more stable than organic carbonate 
electrolytes. Researches shows no side product observed in ethers based electrolytes; however, 
only ~60% of O2 captured when discharging can be seen on charge (McCloskey 2011) and 
desirable product Li2O2 fades out after 5 cycles. (Freunberger et al. 2011)  
Ionic liquids have hydrophobic property so they can keep metal anode from moisture 
better. On glassy carbon electrode, formation of Li2O2 is reported unstable and passivated the 
electrode; however, no such passivation observed on gold electrode. (Allen et al. 2011) Mizuno 
et.al shows that Li-air battery with ionic liquid as electrolyte has a capacity around 200 Ah/kg 
(total electrode mass). (Mizuno et al. 2010)  
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Solid electrolytes show great properties in fuel cell studies where the discharge product is 
volatile. In the case of Li-air battery, the number of locations where oxygen, electrons and 
lithium ions can meet are limited since the formation of Li2O2 battery is solid and blocking the 
way. (Kichambare et al. 2011; Wang et al. 2011) 
Xu and co-workers examined the performance of various nonaqueous solvents in Li-air 
battery and discovered that the polarity of solvent plays the most important role, while the effects 
of electrolyte viscosity and conductivity are limited. The polarity of a solvent is reflected by its 
dielectric constant Ɛ, and Ɛ of a solvent affects the surface tension between the solvent and the 
solid substrate. When Ɛ of the solvent and the substrates is close, the surface tension is strong. 
The stronger surface tension is, the more possible it may flood the porous structure and block the 
air path on the electrode. Either on glassy carbon or gold electrode, the substrate has a low Ɛ. 
After examine the wetting ability of various solvents, it turns out when the Ɛ of a solvent gets 
lower than 40, it will not make a suitable solvent for Li-air battery. (Xu et al. 2010) Dimethyl 
sulfoxide (DMSO) has a dielectric constant Ɛ of 46.7, which will be favorable as a solvent.  
Solvent basicity and acidity can be characterized by its donor number (DN) and acceptor 
number (AN) respectively. The higher DN it has, the easier it will solvate Lewis acid; at the 
same time, the higher AN makes it easier to solvate Lewis base. Johnson et al. revealed that low-
donor-number solvents are likely to lead to premature cell death. (Johnson et al. 2014) DMSO 
has a DN of 29.8, which is relatively high comparing to DME (20), TEGDME (16.6) and 
acetonitrile (MeCN) (14.1). (Laoire 2010) To improve the performance of Li-air battery, one 
method is to use additives that can increase the solubility of Li2O2 in the electrolyte. Laoire and 
co-workers (Laoire et al. 2009; Laoire 2010) have shown that superoxide, O2
-
, is the first product 
of O2 reduction in nonaqueous electrolytes and its stability depends on the supporting electrolyte 
49 
 
cation. With presence of tetrabutylammonium cations (TBA
+
), the superoxide forms a stable O2-
ammonium ion pair. Instead of further reduced to O
2-
, the O2-ammonium ion pair can hold one 
more TBA
+
 to form a peroxide product, TBA2O2. Pearson’s Hard Soft Acid Base theory (HSAB) 
has been used to explain the formation of TBAO2. In HSAB theory, hard Lewis acids prefer hard 
bases and soft bases prefer soft acids. O2
- 
can be considered as the soft base since it has the least 
electrons and the biggest surface area among all oxide groups. TBA
+
 can be considered as soft 
Lewis acid hence it stabilizes the soft base O2
-
 to form TBAO2. (Laoire et al. 2009) Although 
ammonium supporting electrolytes have been mentioned and TBA+ has been investigated for its 
mechanism, (Laoire et al. 2009) the effect of other nonaqueous based ammonium supporting 
electrolytes has never been discussed thoroughly. Although HSAB theory is a qualitative, rather 
than quantitative theory, it can be applied various reactions and mechanisms. There are several 
theories giving explanation of HSAB. Klopman’s charge- and frontier- controlled theory 
indicates the definition of softness becomes the tendency for an acid to accept electrons (or a 
base to give electrons) in chemical bonds in solution, which gives a way to quantify HSAB 
theory by quantum chemistry. (Klopman 1968) Chatt’s π backbonding theory also supports 
HSAB theory but only on the qualitative level. (Chatt et al. 1954; Chatt et al. 1970) For the past 
fifty years, molecular dynamics has been applied on HSAB theory. Local softness, as a 
parameter to quantify Pearson acidity, is derivable from quantum chemical calculations using 
DFT and shown as a reliable coefficient to shown active sites on zeolites and clay materials. 
(Deka et al. 1999; Chatterjee et al. 2000) (Carrasco et al. 2005; Chatterjee 2005)  By computing 
the electronic response of a series of atomic configurations sampled from ab initio molecular 
dynamics trajectories of Na
+
 and Ag
+
 model solutions, which have been featured as models for a 
hard and soft species in previous reactivity studies, HSAB theory has been interpreted as 
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reactions between hard electrophiles and nucleophiles are driven by electrostatic interactions, 
whereas the reaction between soft solutes is frontier orbital dominated. (Vuilleumier et al. 2001) 
HSAB theory has also been applied to explain the collision processes as well as molecule-field 
interaction in confined environment. (Khatua et al. 2013) 
Table 2 Name and effective structure of ammonium salts in the work 
Type Name Effective structure 
Aliphatic Tetrabutylammonium tetrafluoroborate (TBABF4) 
 
Tetraethylammonium tetrafluoroborate (TEABF4) 
 
Tetramethylammonium tetrafluoroborate (TMABF4) 
 
Alicyclic Morpholinium tetrafluoroborate (MPBF4) 
 
1-(2-(2-hydroxy-5-methylphenyl)-2-
oxoethyl)piperidinium chloride (HMPCl) 
 
1-Butyl-1-methylpyrrolidinium Chloride 
 
Aromatic 1-Ethyl-3-methylimidazolium bromide 
(EMIBr) 
  
1-Benzyl-3-methyl-1H-imidazol-3-ium 
hexafluorophosphate (BMIPF6) 
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DMSO has an AN of 19.3, which is relatively high comparing to DME (10.2), TEGDME 
(10.5) and MeCN (18.9). (Laoire 2010) Since TBA
+
 is such a soft Lewis acid, it cannot be 
solvated although DMSO’s high DN. DMSO can help keep TBA+ as a naked ion. The high AN 
of DMSO increases the interaction between solvent and the corresponding anion to provide more 
TBA
+
 to react with O2
-
. (Laoire 2010)  
In this work, using cycling voltammetry (CV) and rotating disk electrode (RDE), O2 
reduction has been studied to assess three types of ammonium supporting electrolytes(aliphatic, 
alicyclic and aromatic) for the first time. Table 2 shows the name and structure of ammonium 
used in this work. DMSO was used as base solvent since it have high enough dielectric constant, 
a high DN and a high AN. (Gutmann 1976; Laoire 2010) 
Experimental 
Laoire and co-workers (Laoire et al. 2009; Laoire 2010) have shown similar experiment 
for TBA complexes in MeCN. In this work, all reagents and solvents were technical grade and 
obtained from Sigma Aldrich unless stated otherwise. All metal electrodes were purchased from 
ESPI Metals and cut into corresponding size. The electrochemical experiments were performed 
with a VERSASTAT MC Potentiostat (Princeton Applied Research) in a traditional three-
electrode glass cell as shown in Figure 4-1. A custom reference electrode was made using an 
Ag/Ag
+
 wire and DMSO in a fritted glass probe while a platinum wire was used as counter 
electrode. The Ag/Ag+ gives a voltage of 3.62V versus Li/Li
+
, as calibrated by the ferrocenium 
ion/ferrocene couple (Fc
+
/Fc). (Gagne et al. 1980) The Fc
+
/Fc couple had been calibrated to 
Li/Li
+
 in an ethylene carbonate based electrolyte. The cell had inlet and outlet valves for O2 
purging in the solutions, otherwise it is airtight. The Au working electrodes (5 mm diameter) 
rotates conducted by a Pine Industries RDE rotor. All of the CVs were performed under argon 
atmosphere in glove box where H2O and O2 concentrations controlled less than 5 ppm as shown 
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in Figure 4-2. For RDE experiments, the electrolyte solutions were prepared in the glove box 
under argon atmosphere and purged with O2 for O2 reduction reaction measurements. (Hussey 
1980)  
 
Figure 4-1 Three-electrode glass cell used to obtain cyclic voltammetries when rotating disk is 
used as working electrode 
 
Figure 4-2 Glove box under argon atmosphere where all the CVs are performed 
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Result & discussion 
 
Figure 4-3 Potential excitation signal performed by cyclic voltammograms and the 
corresponding points in cyclic voltammograms (Reprinted from Bard 1980) 
Cyclic voltammetry at Au electrodes was used to study the reversibility of the oxygen 
reduction reaction in the presence of ammonium cations. Cyclic voltammetry is a helpful 
technique for detecting kinetics and mechanism in electrochemical reactions. By performing 
proper processes, the cyclic voltammograms (CVs) can be used to tell if the reaction is reversible, 
quasi-reversible or irreversible.(Bard 1980) Figure 4-3 shows the theory of cyclic voltammetry 
reflecting reversibility. The potential versus reference electrode scanned along timeline by a 
certain cycle pattern. Correspondingly, the current would be recorded to show certain reactions 
occur. As shown in Figure 4-3, peak c and peak f can be considered as a pair of reversible redox 
reaction.  
Figure 4-4 presents the full range CV scanned from -3V to 1V and -1.5V to 0.5V for the 
reduction of O2 in 0.1M BMIPF6 in DMSO. Four peaks (Ep1-Ep4) can be identified from the 
voltammograms: the first reduction peak (Ep1) at -1.05V with similar shape of the first oxidation 
peak (Ep2) at -0.52V; and, a second reduction peak (Ep3) at 2.23V with similar shape of the 
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second oxidation peak (Ep4) at 0.85V. As shown in the inset in Figure 4-4 with a reduced scan 
range, the first reaction (formation of the superoxide including the BMI-superoxide ion pair) 
appears to be fully reversible. This is consistent with previous work in MeCN and DMSO with 
TBA
+
.(Laoire et al. 2009; Laoire 2010) The second reaction (associated with Ep3 and Ep4) is 
superoxide being further reduced to peroxide. As seen in short range from -1.5V to 0.5V, no 
peroxide is formed; however, expanding the electrochemical window to show Ep3 and Ep4, a 
significant loss in charge area under anodic peak Ep2, thus implying a secondary irreversible 
reduction. 
 
 
Figure 4-4 Cyclic voltammograms for the reduction of O2 in 0.1M BMIPF6 in DMSO. All scans 
used an Au working electrode. Scan rate=100mV s
-1
. Insert figure shows potential range from -
1.5V to 0.5V. 
 
55 
 
 
Figure 4-5 (A) Cyclic voltammograms for the reduction of O2-saturated 0.1 M HMPCl /DMSO 
on Au electrode at sweep rates 0.05, 0.1, 0.3 V/s. (B) Randles-Sevcik plot of peak current versus 
square root of the scan rate for the curves in 0.1M HMPCl / DMSO. 
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To determine the O2 reduction mechanism, the Randles-Sevcik plots are presented in 
Figure 4-5. The equation is as follows. The slope of current versus the square root of DV product 
indicates the number of electrons transferred in the reaction. 
CVADnpa
2
1
2
1
2
3
5 )1069.2(I 
                                                     [25] 
In which: n represents the number of electrons transferred, A is electrode area, D Is the 
diffusion coefficient, C is the concentration and V is the scanned potential.  
Figure 4-5A displays the CVs for 0.1 M HMPCl in saturated O2/DMSO at different 
sweep rates for 50mV/s to 300mV/s. The Randles-Sevcik plot in Figure 4-5B is linear and the 
theoretical plot of n=1 parallels with the experimental plot, which indicates the process is 
diffusion controlled electrochemical reaction and the reaction transferred only one electron. This 
suggests oxygen kept its O=O bond and became superoxide (O2
-
) as it is shown in equation 26. 
Similar results showed for all ammonium salts examined depict that they all follow the scheme 
of equation 26. 
22 N-R NOReO 
                                              [26] 
Cyclic voltammetry was performed in the oxygen-ammonium electrolytes with each of 
the seven ammonium cations considered here (note these electrolytes did not include lithium). 
Figure 4-6 shows the O2 reduction reaction in 0.1M TBABF4/DMSO. Laoire did similar 
experiment in 0.1M TBAPF6 /MeCN. (Laoire et al. 2009) The CVs scanned for the O2 reduction 
reaction in 0.1M corresponding ammonium salts DMSO solutions are presented in Figure 4-7. 
The voltammograms are iR corrected. The potential difference between the reduction peak and 
the oxidation peak is less than 0.5V and the area under both peaks equal to each other, so the O2 
reduction reaction of TBAPF6 is considered as reversible. (Laoire et al. 2009) As shown in 
Figure 4-7, for all the ammonium salts used in DMSO, only HMPCl reacts with O2 by showing a 
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significant small ratio of oxidation/reduction area as shown in Table 3, which can be considered 
irreversible. The other ammonium- O2 reaction can be expressed as followed reversible scheme. 
22 )(eN-RO ONR 
                                                    [27] 
 
Figure 4-6 Cyclic voltammograms for the reduction of O2 in 0.1M TBABF4 in DMSO used an 
Au working electrode. Scan rate=100mV s
-1 
As seen in the scheme, the ammonium- O2 complex is essentially an ion pair. Comparing 
the current density and the electrochemical charge area of O2 reduction reactions, both aromatic 
ammonium O2 ion pairs tend to be formed more than other kinds of ammonium ion pairs. Large 
amount of reduced O2 ion pair is the first step to form LiO2 and Li2O2. Laoire showed similar 
results on TBA
+ 
ion.(Laoire et al. 2009) Table 3 shows the ion pair dissociation peaks for 
ammonium- O2 and electrochemical charge area under the reduction peaks. The peaks have been 
calculated by setting up a slope baseline tangential with both reduction and oxidation curve and 
counting the area between the slope and the curve by integration as shown in Figure 4-6.  
TBA
+
+O2=>TBAO2 
TBAO2=> TBA
+
+O2 
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Figure 4-7 Cyclic voltammograms for the reduction of O2 in 0.1M corresponding ammonium in 
DMSO. Scan rate 100 mV/s. 
According to Pearson’s hard soft acid base theory (HSAB), both aromatic ammonium 
and TBA
+ 
can be considered as hard Lewis acid, which have high current charges on their 
surfaces and tend to bond with hard bases as superoxides as ion pair.(Laoire et al. 2009; Laoire 
2010) 
Ion pairs are naturally bonded by electrostatic force, which can be described by 
Coulomb’s Law as following equation: 
 
2
21qF
r
q

                                                                                   [28] 
In which: q1, q2 are the magnitudes of electrical charges, Ɛ is the dielectric constant and r is the 
distance between the ions. 
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Table 3 Ion pair dissociation peaks for ammonium-O2 and electrochemical charge area under the 
reduction peaks
a 
Ammonium 
electrolytes 
O2-ammonium ion 
pair dissociation 
peaks (V) 
Reduction charge 
area (~10
-3
 W) 
Oxidation charge 
area (~10
-3
 W) 
Oxidation/Reduction 
charge area ratio 
TBABF4 -0.67 3.90 3.71 0.95 
TEABF4 0.37 3.14 2.42 0.77 
TMABF4 0.58 1.14 0.95 0.84 
MPBF4 0.29 0.78 0.61 0.79 
HMPCl -0.71 1.40 0.63 0.45 
EMIBr -0.45 5.24 4.87 0.93 
BMIPF6 -0.46 5.11 4.65 0.91 
a
 Scan rate=0.1V/s. Error±0.002W 
Aromatic ammonium ions have bigger volume than aliphatic and alicyclic ammonium 
ions. Thus, the electrostatic force is strong enough to hold the ion pair, and not too strong to 
break the O=O bond in O2
-
 and O2
2-
. 
Table 3 and Figure 4-7 shows aromatic ammonium-O2 ion pairs display proper 
electrostatic force to keep the O=O bond. As it shown in Figure 4-7, all three kinds (aliphalic, 
alicyclic and aromatic) of ammonium can react with saturated O2 in DMSO solvent to form the 
corresponding superoxide ion pair, hence the selectivity of all ammonium ions is desirable; 
however, aromatic ammonium superoxide ion pairs showed the best reversibility. Figure 4-8 
shows the structure of TBA2O2, which is formed spontaneously in the solution from the reaction 
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of TBAO2 and TBA
+
. (Laoire et al. 2009) Comparing with the structure of TBAO2, apparently, 
TBA2O2 has a symmetrical structure so that O=O bond can be held in a more stable way. Similar 
results can be inferred for aromatic ammonium superoxide ion pairs producing corresponding 
stable peroxide. 
As described by Abraham et al.(Abraham 2015), this behavior can be explained by 
Pearson’s hard soft acid base theory (HSAB). The superoxides (O2
-
) species has the lowest 
charge and highest surface area serving as a soft Lewis base in the formation of ion pairs with 
ammonium ions. (Pearson 1963; Laoire et al. 2009) Both BMI
+
 and TBA
+
 can be considered as 
soft Lewis acids, which have relatively low current charges on their surfaces and tend to bond 
with soft bases as ion pair.(Laoire et al. 2009; Laoire 2010) For further comparison of the 
internal relations of ammonium ions, chemical hardness of each ion can be calculated using 
computational analysis. (Sherrill 2009) According to Pearson’s HSAB theory, chemical hardness 
ƞ is defined as equation 29 in which I is the ionization potential and A is the electron affinity. 
(Pearson 1963; European Workshop on "Quantum Systems in et al. 2006) 
                                                                                  [29] 
The ionization potential I is defined as the energy demanded by removing an electron 
from the molecule to infinity. To simplify the estimate value, in this work all the ionization 
potential are considered as the energy required by removing the fifth electron from the nitrogen 
atom in the molecule, which is 9444.9 kJ/mol.(Cotton 2008) The electron affinity is defined as 
the energy released when adding an electron to form a negative ion from the molecule. Sherrill et 
al. has authored a number of reports related to computational analysis of noncovalent π 
interactions. (Sherrill 2009; Hohenstein et al. 2012; Sherrill 2013) From these results, some 
patterns occur regularly: more π bonding results in greater electron affinity. In this work, the 
 A-I
2
1
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aromatic ammonium ions appear to result in lowest chemical hardness and promote the greatest 
reversibility of O2-ammonium ion pairs. 
 
 
Figure 4-8 Structure of TBA2O2 (Reprinted from Laoire et al. 2009)  
Conclusion 
 The essential condition of desirable ammonium salts addition to Li-air battery 
electrolytes is that the ammonium ion should form superoxide ion pair with saturated O2 in the 
solvent. It demands to be relatively hard Lewis acid to assure the formation of superoxide ion 
pair instead of corresponding oxide, hence good selectivity. On the other hand, the reaction 
needs to be reversible or at least quasi-reversible to assure O2
2-
 could be released to Li
+
 when Li
+
 
added into the electrolyte. Laoire et al. examined TBA
+
 as a functional group when adding into 
Li-air electrolyte. (Laoire et al. 2009) In this work, aromatic ammonium salts are confirmed as 
similar functional salts. With saturated O2 in electrolyte, they can hold the double bond between 
the two oxygen atoms and with good reversibility. In order to better understand the 
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electrochemical behavior of these systems with lithium, a series of voltammetric experiments 
were performed including 0.1M LiPF6 with the ammonium-oxygen electrolytes.  
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CHAPTER 5 EFFECT OF VARIOUS OXYGEN COMPLEXES IN 
NONAQUEOUS LI-O2 ELECTROLYTE WITH LI SALTS ADDITION 
Introduction 
Typically, nonaqueous electrolytes for Li-O2 batteries must have several characteristics. 
First of all, they should not be a source of protons which would be very reactive with electrode 
materials. Secondly, they need to have proper polarity for additives to dissolve in, such as 
ammonium salts mentioned in Chapter 2 and substances are insoluble or unstable in aqueous 
environment. Thirdly, unlike water with a narrow electrochemical window (1.299V), 
nonaqueous electrolytes demand a big electrochemical potential window. (Mizuno 2010) 
Electrolyte can be liquid solutions or molten salts. (Mizuno 2011) Solid electrolytes such as 
doped oxides can also be applied in a lot of circumstances. In this work, when choosing base 
solvent for electrolyte to examine the effect of ammonium complexes, nonaqueous liquid 
electrolytes are considered mostly since they have wide electrochemical potential windows, low 
reactivity with electrodes materials and high ability to dissolve Li salts. (Wang et al. 2012; Li et 
al. 2013) Pearson’s hard soft acid base (HSAB) theory states that hard acids prefer hard bases 
and soft bases prefer soft acids. (Pearson 1963) A solvent’s basicity can be defined by its donor 
number (DN) and the acidity can be defined by its acceptor number (AN). (Gutmann 1976) 
Laoire et al. pointed out DMSO exhibits excellent electrochemical properties for the O2/O2
-
 
couple for its DN is 29.8 and AN is 19.3. (Laoire 2010; Xiao et al. 2011) 
Li salts addition to electrolytes allows Li ion transport and react between cathode and 
anode. For this purpose, the Li salts should be able to dissolve completely in the solvent and 
remain thermally stable. Also, the anion should be inert and stable in the solvent. (Read 2002; 
Kuboki et al. 2005) Li can be paired with bulky anions such as I
-
, Br
-
, ClO4
-
, PF6
-
, and BF4
-
; 
however, most of them are hard to dissolve because of the small size of Li
+
. Laoire et al. 
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mentioned large anions such as PF6
-
 where the charge distributing in a large volume. In this case, 
PF6
-
 can interact relatively more with the solvent DMSO to provide more Li
+
 in the solution. 
(Read 2002; Laoire 2010) 
 
Figure 5-1 Influence of three different cathode designs on the electrochemical performance of a 
Li-O2 cell. The electrolyte is 1 M LiPF6 in propylene carbonate. (Reprinted from Christensen et 
al. 2012) 
Typical electrolytes most likely cannot pass through the nanostructures appear in high-
surface-area carbons working as cathode in most of current Li-air batteries; however, reactive 
sites are limited to the outer area of these carbons and the available surface area is decreased. 
(Cecchetto et al. 2012; Schwenke et al. 2013) In addition, the particular air electrode design (e.g., 
all carbon treated with a silane-based hydrophobic layer vs. carbon/Ni-foam vs. carbon/Algrid 
(expanded metal) electrodes, (Xu et al. 2010) see Figure 5-1) has a great influence on the 
capacity achieved. (Zheng et al. 2013) 
In this work, BMIPF6 represents the ammonium salts which can promote the selectivity 
of LiO2 and Li2O2 and show good reversibility of ammonium-O2 ion pairs. DMSO and MeCN 
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are used as base solvents. CVs are performed with and without the ammonium salts to reveal the 
reaction occurred. Possible mechanism has been discussed for the reaction. 
Experimental 
All reagents and solvents were technical grade and obtained from Sigma Aldrich unless 
stated otherwise. All metal electrodes were purchased from ESPI Metals and cut into 
corresponding size. The electrochemical experiments were performed with a VERSASTAT MC 
Potentiostat (Princeton Applied Research) in a traditional three-electrode glass cell. A custom 
reference electrode was made using an Ag/Ag
+
 wire and DMSO in a fritted glass probe while a 
platinum wire was used as counter electrode. The Ag/Ag+ gives a voltage of 3.62V versus Li/Li
+
, 
as calibrated by the ferrocenium ion/ferrocene couple (Fc
+
/Fc). (Gagne et al. 1980) The Fc
+
/Fc 
couple had been calibrated to Li/Li
+
 in an ethylene carbonate based electrolyte. The cell had inlet 
and outlet valves for O2 purging in the solutions, otherwise it is airtight. The Au working 
electrodes (5 mm diameter) rotates conducted by a Pine Industries RDE rotor. All of the CVs 
were performed under argon atmosphere in glove box where H2O and O2 concentrations 
controlled less than 5 ppm. For RDE experiments, the electrolyte solutions were prepared in the 
glove box under argon atmosphere and purged with O2 for O2 reduction reaction measurements. 
(Hussey 1980) 
Result & discussion 
 Figure 5-2 shows cyclic voltammograms of oxygen reduction in 0.1M LiPF6 in MeCN at 
the scan rate of 100mV/s. Only one significant reduction reaction can be seen so it can be 
inferred that oxygen has been reduced to Li2O in an irreversible reaction. In this case, the double 
bond of O=O has been broken so there are no significant superoxide or peroxide can be observed 
from the CV. The reaction can be described as: 
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 LiOHOHLie   22 244O                                                [30] 
LiOH dehydrates spontaneously to form Li2O. 
 
Figure 5-2 Cyclic voltammograms of oxygen reduction in 0.1M LiPF6  in MeCN. Scan rate of 
100mV/s.  
A small reduction peak can be observed 1.91V in the CV, which could be inferred as that 
there are still small amount of Li2O2 formed. Laoire and co-workers suggest there is a three-step 
reaction as follows. In this case, the small reduction peak can be considered as O=O double 
bonds are not entirely broken. 
22 LiO :step1 LiOe 
                                                         [31] 
222 LiLiO :step2 OLie 
                                                    [32] 
OLie 222 22Li2OLi :step3 
                                             [33]  
Figure 5-3 shows cyclic voltammograms for the reduction of O2 in 0.1M LiPF6 in DMSO 
with/without 0.1M BMIPF6. As seen in the voltammogram without the ammonium cation 
(Figure 5-3), only one reduction peak is observed indicating the formation of reversible Li2O2 
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occurs. The single reduction peak suggests the O=O bond is not broken yet to form Li2O in an 
irreversible process. When ammonium cations (such as BMI
+
) are added to the lithium-DMSO 
electrolyte with oxygen, two reduction reactions and oxidation peak is observed. The first 
reduction peak is associated with the formation of a stable superoxide in the form of an 
ammonium ion pair and the second peak is associated with the formation of reversible Li2O2 
species. As described by Nakamoto (Nakamoto et al. 2013) and Laoire (Laoire 2010) , the 
peroxide formation step is thought to result from a second electron transfer reaction with a 
lithium oxide intermediate to form the peroxide step. The corresponding oxidation peak near 
0.75V suggests that the lithium peroxide is oxidized to yield lithium ions and the stable 
ammonium-superoxide complex.  
With BMIPF6: 
222
22
22
:3
N-R:2ste
N-R:1
OLieLiLiOstep
LiOLiNORp
NOReOstep






                                         [34] 
Without BMIPF6: 222 22LO OLiei 
                                                       [35] 
Table 4 shows the reduction and oxidation voltammetric data of ammonium addition with 
0.1M LiPF6. The reversibility with BMI
+
 addition is the best of all three. Interestingly, the 
reversibility with TBA
+
 addition is only slightly higher than Li
+
 only. As seen in equation 34, the 
ammonium addition can be considered as a quasi-catalyst in the reactions with both ammonium 
ions and Li
+
. It helps keep O=O bond so to increase the total amount of O2
2-
 in the electrolytes; 
however, when it comes to the point of releasing O2
2-
 to Li
+
 to form desirable product Li2O2. 
BMI
+
 shows better reversibility than TBA
+
. 
Conclusion 
 For nonaqueous electrolyte of Li-O2 batteries, Li
+
 is usually added in to allow Li 
transport between anode and cathode. With only Li salts presence, the CV results show that Li2O 
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tends to be formed more instead of Li2O2 during the electrochemical reactions, which is harmful 
in the electrochemical reactions for Li-O2 batteries. To hold the double bond of O=O, ammonium 
salts are added into the electrolytes. With the trend to adsorb on metal or metal oxides surfaces, 
the ammonium part of ammonium-O2 ion pair may adsorb on the electrode surface to offer a 
reaction path to produce proper Li peroxide and superoxide product.  
 
 
Figure 5-3 Cyclic voltammograms for the reduction of O2 in 0.1M LiPF6 in DMSO with/without 
0.1M BMIPF6. 
69 
 
Table 4 Reduction and oxidation voltammetric data for O2-ammonium electrolytes with Li
+
 
Ammonium electrolytes Reduction charge 
area(~10
-3
 W) 
Oxidation charge 
area (~10
-3
 W) 
Oxidation/Reduction 
charge area ratio 
LiPF6 4.6 1.35 0.293 
TBAPF6/LiPF6(Johnson et 
al. 2014) 
13.55 4.875 0.36 
BMIPF6/LiPF6 4.375 3.6 0.823 
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CHAPTER 6 SURFACE ANALYSIS FOR WORKING ELECTRODES 
Introduction 
 X-ray scattering techniques are a family of non-destructive analytical techniques which 
reveal information about the crystallographic structure, chemical composition, and physical 
properties of materials and thin films. These techniques are based on observing 
the scattered intensity of an X-ray beam hitting a sample as a function of incident and scattered 
angle, polarization, and wavelength or energy. 
X-ray diffraction (XRD) yields the atomic structure of materials and is based on 
the elastic scattering of X-rays from the electron clouds of the individual atoms in the system. 
The most comprehensive description of scattering from crystals is given by the dynamical theory 
of diffraction. (Sommerfeld 1900) Figure 6-1 shows a scheme of XRD instrument. 
To explain x-ray diffraction it is convenient to think of light as a wave with a wavelength 
that is related to the energy of the light by the equation, (Schmidt 1916) 

hc
E                                                                       [36]  
where h is Planck’s constant, c is the speed of light and λ is the wavelength of light. For light 
within the x-ray region of the spectrum, the wavelength of the light is within the range 0.1Å to 
100Å. One of the fundamental properties of waves is that two waves can interfere with each 
other if they are in the same spatial region. If the phases of the two waves are coincident they 
will constructively interfere (increased amplitude) and if their phases are opposed they will 
destructively interfere (decreased amplitude).  
 Diffraction occurs as waves interact with a regular structure whose repeat distance is 
about the same as the wavelength. The phenomenon is common in the natural world, and occurs 
across a broad range of scales. (Allen et al. 1987) For example, light can be diffracted by a 
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grating having scribed lines spaced on the order of a few thousand Å, about the wavelength of 
light. 
It happens that X-rays have wavelengths on the order of a few Å, the same as typical 
interatomic distances in crystalline solids. That means X-rays can be diffracted from minerals 
which, by definition, are crystalline and have regularly repeating atomic structures. (Palczewski 
et al. 2000) 
When certain geometric requirements are met, X-rays scattered from a crystalline solid 
can constructively interfere, producing a diffracted beam. In 1913, W. L. Bragg recognized a 
predictable relationship among several factors. (Bragg 1913)  
1. The distance between similar atomic planes in a mineral (the interatomic spacing) which we 
call the d-spacing and measure in Å. 
2. The angle of diffraction which called the θ angle and measure in degrees. For practical reasons 
the diffractometric measures an angle twice that of the θ angle.  
3. The wavelength of the incident X-radiation, symbolized by the Greek letter λ and, in this work, 
equal to 1.5405 Å. 
These factors can be combined by Bragg’s law:  
2dsinθ=nλ=path difference, where n=integer (1, 2, 3…)                           [37] 
XRD pattern records the X-ray intensity as a function of 2θ angle. In our case, starting 
angle is 5°. Step-size is 0.05°. Count time per step is 1 second. Ending angle is 130°. 
Constructive interaction signal in the pattern is the peak in intense a u-2θ plot. For example, for a 
cubic unit cell with unit cell length a, 
d =
a
√h2+k2+l2
,                                                               [38] 
with lattice parameter a. (Bragg 1913) 
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Figure 6-1 Scheme of XRD instrument 
 In Li-O2 batteries, XRD is a typical instrument to analyze the reactions during the process 
and the selectivity of catalysts. It has been performed both in situ (Lim et al. 2012) and ex situ on 
Li-O2 systems on electrodes, (Moureaux et al. 2013; Zhang et al. 2013; Cheng et al. 2014; 
Wittmaier et al. 2014) catalysts (Zhang et al. 2012; Tang et al. 2013), separators (Shui et al. 
2012), electrolytes (Li et al. 2013) and the performance environments (Guo et al. 2014). Figure 
6-2 shows Chen et al.’s result of powder XRD (PXRD) patterns (Cu Kα) of Super P 
carbon−PTFE composite electrodes cycled in 0.1 M LiClO4 in Dimethylformamide (DMF). 
(Chen et al. 2012) It can be indicated that at the rate of 70 mAg
−1
 (carbon) the formation of 
desirable product Li2O2 of Li-O2 batteries decreases from the 1
st
 cycle to the 10
th
. 
 X-ray absorption near edge structure (XANES) is also used widely in surface analysis. It 
was invented in 1980 by Antonio Bianconi to identify human ferric transferring with iron 
complexes. (Bianconi 1980) The basic process underlying XANES is the photoabsorption of X-
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ray protons into a core level of sample atoms and the emission of photoelectrons. When released 
photoelectrons vacant filing by electrons from other levels, fluorescence and sometimes Auger 
electrons can be detected. Both the fluorescent photon and Auger electrons are measured instead 
of only photoelectrons measured in X-ray photoelectron spectroscopy (XPS), which makes 
XANES results more calculable. (Koch et al. 1983; Stöhr 1992) 
 
Figure 6-2 PXRD patterns (Cu Kα) of Super P carbon−PTFE composite electrodes cycled in 0.1 
M LiClO4 in DMF, rate 70 mAg−1 (carbon). (Reprinted from Chen et al. 2012)  
XRD analysis 
 XRD samples were prepared under argon atmosphere in glove box by performing -
0.1mA for 300s on Au electrodes as working electrode in corresponding electrolytes. The 
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electrodes were sealed in case with Kapton window designed specifically for XRD analysis as 
shown in Figure 6-3 inside the glove box under argon atmosphere and carried to be loaded in 
XRD equipment without exposed to the air to avoid contamination from humidity and O2 in the 
air.  
 
Figure 6-3 Case with Kapton window for XRD analysis 
 
Figure 6-4 XRD results of the reduction of O2 in 0.1M LiPF6 with 0.1M BMIPF6 (upper) without 
0.1M BMIPF6 (lower) 
75 
 
Figure 6-4 shows the XRD results of the reduction of O2 in 0.1M LiPF6 with and without 
0.1M BMIPF6. It is expected to see Li2O2 and Li2O or Li2CO3 peaks as it is shown in Figure 6-2. 
Unfortunately, the intensity is far weaker than it was in Chen et al experiment, whose samples 
were prepared by casting slurry of Super P carbon−PTFE with porous electrodes. In this work, 
the Li oxides may only cover part of surface of the electrodes because unlike treated porous 
electrodes, the Au surface may not keep Li oxides well-proportioned on the surface and in depth. 
XANES analysis  
 
Figure 6-5 Chamber of XANES instrument 
XANES samples were prepared under argon atmosphere by performing -0.1mA for 300s 
on Au-plated silicon electrodes as working electrode in corresponding electrolytes. The 
electrodes were sealed in the glove box under argon atmosphere and exposed to be loaded in 
XANES equipment under nitrogen atmosphere to avoid contamination from humidity and O2 in 
the air. Figure 6-5 shows the chamber of XANES instrument. The samples were cut into small 
pieces of 1×3 cm2 and soldered on to XANES vacant substrate. The substrate with samples was 
put inside the chamber and vacuumed overnight to remove the influence of air completely before 
the analysis. While soldering the samples to the substrate, to avoid contamination from the air, a 
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temporary glove box was built using glass box and plastic films as shown in Figure 6-6. Nitrogen 
had been flowed in the glove box prior to the soldering. 
 
Figure 6-6 Temporary glove box for samples assemble for XANES 
   
 
Figure 6-7 O K-edge XAS spectra of Li2O2, Li2CO3, and Li2O. (Reprinted from Qiao et al. 2012) 
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Figure 6-8 XANES results on O k-edge of the reduction of O2 in 0.1M LiPF6 with 0.1M BMIPF6 
and TBABF4 in DMSO, comparing with results on Li2O2 (peaks marked with straight lines) and 
Li2O (peaks marked with dash lines) 
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Figure 6-9 Chronoamperometry measured various 0.1M LiPF6 with and without 0.1M 
ammonium additions at 2V versus Ag/Ag
+
. 
Qiao reported the O K-edge XANES spectra in pure Li2O, Li2O2 as shown in Figure 6-
7.(Qiao 2012) Comparing to the work here, Qiao prepared the samples by packed powders of 
Li2O and Li2O2 so the intensity was high. The identical peak for Li2O is around 538 eV and for 
Li2O2 is 536 eV.  
XANES data at O K edge (532 eV) were collected at Louisiana State University Centre 
of Advanced Microstructures and Devices (CAMD). The beam energy was 1.5 GeV and the 
typical average storage ring current was 150 mA. Figure 6-8 shows the XANES analysis of the 
solid product after reducing oxygen in the presence of lithium with either 0.1M BMI
+
 or TBA
+
 
cations in the electrolyte. For comparison, a blank sample was made in the same procedure using 
only 0.1M LiPF6 in DMSO (no any ammonium species). As described by Ogasawara et al., the O 
k-edge XANES peak for Li2O occurs near 534 eV and for and 532 eV for Li2O2.(Qiao 2012; 
Ogasawara et al. 2015) In comparing the peaks for the reduction process relative to known 
spectra for oxidized lithium, both samples from ammonium-containing electrolytes contain Li2O 
and Li2O2; however, the compositions are significantly different. Assuming Li2O and Li2O2 have 
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the same electron yield as the blank sample, the chemical compositions of the solid products can 
be estimated as shown in Table 5.  
Table 5 Chemical Compositions of BMI and TBA with 0.1M LiPF6 treated electrodes. Mole 
percentage is evaluated by fixing the area under the peaks according to the same baseline 
Mole Percentage Li2O Li2O2 
LiPF6 52 48 
TBABF4/ LiPF6 59 41 
BMIPF6/ LiPF6 42 58 
 
Despite the composition of Li2O2 is even lower with TBA
+
 than without it,  the total 
amount of deposition of Li oxides increases ~3 times with TBA
+
 addition. Since the XANES 
samples are prepared by chronovoltammetry, chronoamperometry experiments are performed to 
obtain the total quantity of Li oxides. As shown in Figure 6-9, total electric charges of both 
ammonium addition electrolytes are ~3 times of no addition Li
+
 electrolyte, which indicates total 
amount of Li oxides increases significantly with TBA
+
 or BMI
+
 addition.  
As seen in Table 5, BMI
+
 can significantly raise the percentage of Li2O2 in the final 
product. The origins of the increased of lithium peroxide production associated with ammonium 
cations is not clear.  
Several authors have suggested that the TBA
+
 may function similar to a phase transfer 
catalyst (Tran et al. 2010; Xia et al. 2015; Yuan et al. 2015) increasing lithium peroxide 
formation or it could also be that the intermediate step (step 2 in equation 34) is affected by the 
cation. In terms of a phase transfer catalysts mechanism, it is possible that adsorbed ammonium 
cations easily form ion pairs with any superoxide produced at the Au surface. Figure 6-10 shows 
the possible conceptual schemes on the mechanism of how ammonium-O2 ion pairs reacting with 
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the Li
+ 
in practice. Research has been done to reveal that amines may have a tendency to adsorb 
on metal surface. (Qu et al. 2013)  
 
 
Figure 6-10 TBA
+
 / BMI
+
 and superoxide ion adsorption on the superoxide surface 
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After the ammonium ions forming ion pairs with reduced O2, they may tend to adsorb on 
the surface of the spontaneously formed peroxide. Li
+
 in the solvent would react with the 
adsorbed superoxide to produce LiO2 and Li2O2. In this case the ammonium-populated surface 
(including ion pairs) could promote reactions between lithium and lithium oxides while 
minimizing breaking O=O bonds or other irreversible reactions with the solvent. The ammonium 
ions behave as pseudo-catalyst to maintain the double bond O=O for the LiO2 and Li2O2. The 
adsorbed ammonium ions are left unchanged in the process; however, the reaction favors 
formation of lithium peroxide. 
It is also possible that intermediate species may be stabilized by the ammonium cation as 
shown in Figure 6-11. For example, as Laoire suggested with TBA
+
, the double ammonium-
oxygen ion pair BMI2O2, may be relatively more stable than BMIO2, and prevent breaking of the 
O=O bond. In this case, Li2O2 may form directly without the formation of LiO2 intermediates 
 
Figure 6-11 Structure of BMI2O2 ion pair 
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Kwabi et al. brought forward a theory that all deposited Li
+
 first forms Li2O2 on the 
electrode and instantly starts to decompose to Li2O when the charging stops even without 
ammonium ions.(Kwabi et al. 2014; Kwabi et al. 2014) Without ammonium addition, Li2O2 
reacts with DMSO chemically to form DMSO2 and Li2O. (Sharon et al. 2013) The mechanism is 
shown in Figure 6-12. Li2O2 firstly obtains a hydrogen from DMSO to form OOH
-
Li
+
. OOH
-
 can 
form a π pond with DMSO to form DMSO2(methylsulfonylmethane), With TBA
+
 and BMI
+
, 
more O2
2-
 has been held in DMSO due to the formation of ion pairs instead of decomposing into 
OOH
-
; as a result, more Li
+
 has been deposited on the electrode. Furthermore, BMI
+
 shows better 
reversibility than TBA
+
 as shown in Table 5, which can be explained since it can form more π 
bonds and helps maintain Li2O2 on the surface.  
 
Figure 6-12 Mechanism of Li2O2 reacts with DMSO 
In either case, the results shown here indicate that the reversibility of superoxides is 
strongly affected by ammonium cations and that the reduction product of oxygen in the presence 
of lithium is also a function of the cation.   
Conclusion 
 XANES results confirm that BMIPF6 performs better properties than TBA salts as 
addition to electrolyte of Li-O2 battery. After treated with certain amount of time under negative 
current, the surface with BMIPF6 shows higher percentage of Li2O2 instead of Li2O. Instead of 
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tradition TBA
+
 additives, the work shows aromatic ammoniums may be more promising as 
additives in Li-O2 batteries. 
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CHAPTER 7 CONCLUSIONS  
In flip chip flux examination, ammonium addition such as ethanolamine in halide-free 
nonaqueous electrolytes can offer a significant improvement to make the same level effect as 
HCl. In the first part of this work, it shows ammonium has the tendency to adsorb on the metal 
surface by FTIR. This study has also investigated the effects of different carboxylic acid 
components in the interaction with Sn-contained solder. Cyclic voltammetry shows Sn (II) and 
Sn (IV) are unstable in aqueous system without carboxylate radical. Equilibrium coefficients and 
potential-pH diagrams of Sn-adipic-PEG and Sn-maleic-PEG systems are measured and 
presented to give a clearer reference for choosing proper soldering flux. The XPS results reveal 
that only maleic acid could efficiently remove SnO2 layer as well as HCl in nonaqueous PEG 
systems. Additionally, Sn/Ag/Cu and Sn/Cu alloy solders have the same properties when it 
comes to reaction with carboxylic acid flux. 
As the ammonium-Au interaction, this work shows that the reduction and corresponding 
oxidation of O2 in DMSO can be severely affected by ammonium salts addition. Comparing the 
reversibility and selectivity, aromatic ammonium- O2 ion pairs show the best property for 
lithium-air electrolytes. The ion pairs can also increases the amount of O2 in electrolytes, which 
related to higher capacity of lithium-air batteries. Dissolving the reduction products could help 
the reversibility of O2 reduction, which represents the trend of battery recharge ability. XANES 
results show the possibility of qualifying and quantifying the product of battery reactions. Such 
techniques may be relevant to the studies of the Li-air batteries and broadly for other power 
sources. 
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